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PREFACE 


This book describes active and passive devices and circuit configura- 
tions used for the generation and processing of pulse, digital, and 
switching waveforms. These nonsinusoidal signals find extensive 
application in such fields as computers, control systems, counting and 
timing systems, data-processing systems, digital instrumentation, 
pulse communications, radar, telemetry, television, and in many areas 
of experimental research. 

Methods are presented for the generation of very narrow (nano- 
second or microsecond) pulses and of wider (millisecond or second) 
gates or square waves. Techniques are also given for the generation 
of a variety of other waveforms. These include a step, an exponential, 
a pulse code, a staircase, a precisely linear ramp, ete. Having been 
generated, a waveform must be processed in some way in order to per- 
form a useful function. For example, it may be necessary to transmit 
the signal from one location to another, to amplify it, to select a portion 
of it in voltage, to choose a section of it in time, to combine it with 
other signals in order to perform a logic operation, to use it to syn- 
chronize a system, and so forth. All these processes are studied in 
detail in this text. 

The book begins with a review of those topics in electronic circuit 
theory which will be most useful throughout the text. The first sec- 
tion defines a uniform system of notation which is equally applicable 
to transistors and tubes and which differs in a minimal way from 
present standards. The reader, after becoming acquainted with this 
notation, may wish temporarily to omit the rest of the first chapter. 
He may, instead, prefer to review each selected topic individually when 
a reference is made to it at a later point in the text. The subjects 
covered in Chapter 1 include network theorems, the small-signal 
equivalent circuits of tubes and transistors (including the correlation 
between transistor low-frequency 4 parameters and the high-frequency 
hybrid-II circuit elements), some very elementary feedback amplifier 
considerations, and the graphical methods of analysis. The book then 


ix 


x / PREFACE 


continues with a study of how pulse-type signals are transmitted, shaped, or 
amplified by linear circuits. Included are resistive, capacitive, and inductive 
networks (Chapter 2), pulse transformers and delay lines (Chapter 3), and 
amplifiers (Chapters 4 and 5). A particularly detailed study of transistor 
wideband amplifiers (including compensation techniques) is made. As back- 
ground material for the nonlinear wave-shaping circuits which are to follow, an 
extensive summary of the steady-state switching characteristics of devices is 
given (Chapter 6). Included are the semiconductor diode, the avalanche 
diode, the vacuum diode, a lengthy study of the transistor at cutoff and in 
saturation, the avalanche transistor, and the vacuum tube. Analyses of wave- 
shaping and switching functions which can be performed with nonlinear ele- 
ments are introduced in the next two chapters: clipping and nonregenerative 
comparator circuits (Chapter 7) and clamping and switching circuits (Chapter 
8). The study of digital operations begins in Chapter 9 with logic circuits, 
including Boolean algebra. Bistable multivibrators are treated in Chapter 10. 
The generation of gating signals and square waves by monostable and astable 
multivibrators is considered in Chapter 11. Negative-resistance devices are 
treated in Chapter 12. These include the tunnel diode, the unijunction tran- 
sistor, the four-layer diode, the silicon-controlled switch (and its variants), 
and the avalanche transistor. Switching circuits constructed from these 
negative-resistance devices are discussed in Chapter 13. The next two 
chapters treat voltage and current time-base generators (including the phan- 
tastron circuit, the Miller integrator, and the bootstrap circuit). Chapter 16 
discusses the blocking oscillator and includes the multiar configuration. Chap- 
ter 17 considers gates for sampling or transmission of signals and introduces 
the field-effect transistor as an important device for these applications. The 
next two chapters deal with counting, timing, synchronization, and frequency 
division. The final chapter (20) treats the transient switching characteristics 
of diodes and transistors, including the snap-off diode and the hot-carrier 
diode. The emphasis threughout this chapter is on the charge-control method 
of analysis. a 

In summary, this book presents a thorough study of the following basic 
circuits or techniques: transmission networks, differentiating circuits (includ- 
ing the transmission-line differentiator), clippers (limiters), comparators (dis- 
criminators), clampers (d-c restorers), the transistor or tube as a switch, logic 
circuits (AND, OR, NOT, NAND, diode matrices, etc.), bistable multis (flip-flops), 
monostable multis (one-shots), astable multis (square-wave generators), nega- 
tive-resistance devices and circuits, time-base generators, counting, synchroni- 
zation, and pulse amplification (including transient response and the effects of 
driving a transistor into saturation). The signals considered range from the 
very slow (millisecond or longer) to the very fast (nanosecond). 

Semiconductor and tube circuits are presented side by side throughout the 
text, but with the principal emphasis on transistors. The basic philosophy 
adopted is to analyze a circuit on a physical basis in order to provide a clear 
understanding and intuitive feeling for its behavier. Only after the physical 
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analysis is established is mathematics used to express quantitative relation- 
ships. It is assumed that the student has a background in mathematics that 
includes the study of linear differential equations with constant coefficients. 
In order to avoid distractions from the principal concern of the analysis of 
electronic circuits, algebraic and other mathematical manipulation has been 
kept to a minimum. Solutions to differential equations which describe the 
circuits under study are given without analysis, but the response indicated by 
these equations has been plotted and studied in detail. 

The piecewise linear and continuous model is introduced wherever such 
an approximation is useful, particularly in a generalized discussion. However, 
for the most part, real (commercially available) device characteristics are 
employed. In this way, the reader may become familiar with the order of 
magnitude of practical device parameters, the variability of these parameters 
within a given type and with a change in temperature, the effect of the inevi- 
table shunt capacitance in circuits, the consequence of minority-carrier storage 
in semiconductor devices, the precautions which must be taken when dealing . 
with nanosecond pulses, the effect of input and output impedances and loading 
on circuit operation, etc. These considerations are of utmost importance to 
the student or practicing engineer since the circuits to be designed must func- 
tion properly and reliably in the physical world rather than under hypothetical 
or ideal circumstances. 

There are a large number of examples worked out in the text in detail in 
order to illustrate how theory may be applied to obtain quantitative results 
and to emphasize the order of magnitude of the effects under consideration. 
In addition, the 700 homework problems give the student experience in the 
analysis and the design of the circuits discussed in the text and of other con- 
figurations to perform similar functions. In almost all numerical problems 
realistic parameter values and specifications have been chosen. Considerable 
care has been exercised in the development of these problems, which the authors 
consider an integral and important part of the text. 

There are many ways of implementing a pulse or digital system designed 
to perform a particular function. It is hoped that through a study of this text 
and through the experience gained from solving a goodly number of problems, 
the reader will develop facility with these circuits and sharpen his creativity 
and ingenuity so that he can arrive at a fairly optimum implementation of the 
system under consideration. 

To cover all the material in the book requires three semesters, at least 
one of which should be part of an undergraduate electronics sequence. The 
instructor has a wide range of topics to choose from, and he need not follow the 
exact sequence in the book. For example, the two chapters (4 and 5) on wide- 
band amplifiers may be considered too specialized for an undergraduate 
program (or it may be desired that these topics be studied in a communications 
course), and they may be omitted without particularly disturbing the sequence. 

_ This book was planned originally as a second edition of the authors’ 
“Pulse and Digital Circuits” (McGraw-Hill Book Company, New York, 
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1956). However, so much new material has been added and so extensive and 
thorough have been the revisions that a new title for the present text seems 
much more reasonable. About half the topics in this book did not appear in 
the earlier work, and of the material that was presented there, almost every 
section has been completely rewritten. This very major overhaul has been 
made necessary by the rapid developments which have taken place recently 
in this field, and particularly by the shift in emphasis from vacuum tubes to 
transistors and other semiconductor devices. 

It may be of some interest to note that consideration was given to the 
advisability of splitting this work into two volumes, each of more moderate 
size. A questionnaire that sought recommendations concerning the division 
of the material was addressed to a large number of our academic colleagues. 
The responses were so divergent that there seemed no alternative but to 
include all of the topics in one volume. 

Considerable thought and effort were given to the pedagogy of presen- 
tation, to the explanation of circuit behavior, to the use of a consistent system 
of notation, and to the care with which detailed waveforms and other diagrams 
have been drawn in order to facilitate the use of this book in self-study. It 
is hoped that the practicing engineer will find this book of service in updating 
himself in this field. 

The authors are grateful to the many companies who supplied information 
in the form of device characteristics, application notes, and instrument instruc- 
tion manuals. The General Electric Company, Fairchild Semiconductor, 
Hewlett-Packard Company, Philco Corporation, Radio Corporation of 
America, Raytheon Company, Tektronix, Inc., Texas Instruments, Inc., and 
Transitron Electronic Corporation were particularly helpful. 

We are pleased to acknowledge our indebtedness to our colleagues at 
Columbia University, at The City College, and in industry for many fruitful 
discussions. In particular, the following persons read various portions of the 
manuscript and offered a great deal of constructive criticism: G. J. Clemens, 
R. C. Gebhardt, J. Hahn, V. I. Johannes, A. B. Marcovitz, P. T. Mauzey, 
I. M. Meth, A. C. Ruocchio, and L. Packer. Mr. Mauzey merits our special 
gratitude because of the many valuable suggestions he offered and because of 
the diligence with which he assisted in the chore of proofreading. 

We express our particular appreciation to Miss S. Silverstein, administra- 
tive assistant of the Electrical Engineering Department at The City College, 
for her most skillful service in the preparation of the manuscript. We also 
thank W. I. H. Chen, A. B. Glaser, J. T. Millman, and J. N. Taub for their 
assistance. 


Jacob Millman 
Herbert Taub 
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1 REVIEW OF SELECTED TOPICS 
IN ELECTRONIC 
CIRCUIT THEORY 


This book is concerned principally with the generation and processing 
of nonsinusoidal waveforms. A voltage or current waveshape having 
been generated, it may require processing in some manner. For 
example, it may be necessary to transmit it from one location to 
another, to amplify it, to shape it by clipping the top or bottom, to 
shift its d-c level, to select a portion (in time) of the waveform, to use 
it as a gate in connection with some other waveform, to perform 
with it some logic operation, and so forth. For the most part, the 
devices and circuits capable of accomplishing the functions referred 
to above must operate in a highly nonlinear manner, referred to as the 
switching mode of operation. 

No previous acquaintance is assumed, on the part of the reader, 
with the switching behavior of devices or with the processing of the 
nonsinusoidal waveforms thereby generated. However, it is assumed 
that the reader has completed an introductory course in linear circuit 
analysis and a course in the small-signal theory of electronic devices— 
diodes, vacuum tubes, and transistors. For the sake of convenient 
reference, we summarize in this chapter certain network theorems, 
device models, concepts, and techniques from electronic circuit theory to 
which we shall have occasion to make reference. Weassume the reader's 
familiarity with these topics and therefore present them without proof 
or elaboration. 


1-1 NOTATION 


We shall often consider, side by side, a tube and an analogous tran- 
sistor circuit that perform identical functions. Since tube and 
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TABLE 1-1 Notation 


Grid (plate) Base (collector) 
voltage with voltage with 
respect to cathode | respect to emitter 


Instantaneous total value....................... vq (vp) vp (vc) 
Quiescent value.......... 0000.00. eee eee eae Va (Vp) Va (Ve) 
Instantaneous value of varying component........ U9 (Up) Up (Ve) 
Effective value of varying component (phasor, if a 

SINUGOIA) 65. 6 emisse neve whhalee sd SNK Honw AS V, (Vp) Ve (Ve) 
Supply voltage (magnitude).................... i Vaa (Vp) Vas (Vec) 


transistor will appear in the same discussion, it is very important that we 
use a system of notation which is applicable to either device and which devi- 
ates in a minimal way from contemporary practice. These requirements are 
met by adhering to the IEEE standards'} for semiconductor symbols and 
adopting? these standards as well for electron tubes. Only three modifications 
are required in the tube standards. First, the symbol e (E) is dropped, and v 
(V) is used for voltage. Second, the plate subscript b is no longer used, but is 
replaced by P. Third, the grid subscript c is replaced by G. Note that b and 
¢ are now reserved for base and collector, respectively. This notation is summa~ 
rized in the following six statements and in Table 1-1. 


1. Instantaneous values of quantities which vary with time are represented 
by lowercase letters (¢ for current, v for voltage, and p for power). 

2. Maximum, average (d-c), and effective, or root-mean-square (rms), 
values are represented by the uppercase letter of the proper symbol (J, V, 
or P). 

3. Average (d-c) values and instantaneous total values are indicated by 
the uppercase subscript of the proper electrode symbol (B for base, C for 
collector, F for emitter, G for grid, P for plate, and K for cathode). 

4. Varying components from some quiescent value are indicated by the 
lowercase subscript of the proper electrode symbol. 

5. A single subscript is used if the reference electrode is clearly understood. 
If there is any possibility of ambiguity, the conventional double-subscript 
notation should be used. For example, v.. = instantaneous value of the vary- 
ing component of voltage drop between collector and emitter and is positive 
if the collector is positive with respect to the emitter at a given instant of time. 
If the emitter is grounded and all voltages are understood to be measured with 
respect to ground, then the symbol v.. may be shortened tov,. The ground 
symbol is N (for neutral). For example, vpy = instantaneous value of total 
voltage from plate to ground. 

6. The magnitude of the supply voltage is indicated by repeating the 
electrode subscript. 


{ Superscript numerals are keyed to the References at the end of the chapter. 
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1-2 NETWORK THEOREMS 


The following theorems are used frequently in the analysis of the circuits 
discussed in this book. 


Kirchhoff's Current Law (KCL) The sum of all currents toward a node 
must be zero at all times. 


Kirchhoff's Voltage Law (KVL) The sum of all voltage drops around a 
loop must be zero at all times. 

These two theorems are valid even if the network: contains nonlinear 
devices. The following laws are applicable only for linear circuits, but are 
valid even if dependent sources are present. A controlled or dependent gen- 
erator is one whose voltage or current is a function of the voltage or current 
elsewhere in the circuit. A word of caution is in order when considering 
impedance in a network containing controlled sources. To find the impedance 
Z seen between two points, an external voltage generator V is considered to 
be applied between these points and the current J drawn from the source is 
determined. Thereafter, Z = V/I provided that in the above procedure 
each independent (externally applied) source is replaced by its internal imped- 
ance—an ideal voltage source by a short circuit, and an ideal current source 
by an open circuit. All dependent sources, however, must be retained in the 
_ network. 


Superposition Theorem The response of a linear network containing 
several independent sources is found by considering each generator separately 
and then adding the individual responses. When evaluating the response 
due to one source each of the other independent generators is replaced by 
its internal impedance. 


Thévenin’s Theorem Any linear network may, with respect to a pair of 
terminals, be replaced by a voltage generator (equal to the open-circuit voltage 
between the terminals) in series with the impedance seen at this port. 


Norton’s Theorem Any linear network may, with respect to a pair of 
terminals, be replaced by a current generator (equal to the short-circuit current) 
in parallel with the impedance seen at this port. 

From Thévenin's and Norton’s theorems it follows that a voltage source 
V in series with an impedance Z is equivalent to a current source I in parallel 
with Z, provided that J = V/Z. These equivalent circuits are indicated in 
Fig. 1-1. 


Open-circuit Voltage—Short-circuit Current Theorems As corollaries to 
Thévenin’s and Norton’s theorems we have the following relationships. If V 
represents the open-circuit voltage, J the short-circuit current, and Z(Y) the 
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1 1 
Fig. 1-1 As viewed from terminals 1 


Zz and 2, the Thévenin's circuit in (a) is 

I=¥ Z equivalent to the Norton’s.circuit in (b). 
Note: Throughout the text a circle with 

= a + sign represents an ideal voltage 


2 2 source, whereas a circle with an arrow 
(a) (6) in it signifies an ideal current source. 


impedance (admittance) between two terminals in a network, then 


I 4 V 
Ys IZ => T=7=VY Z=7 (1-1) 
In spite of their disarming simplicity, these equations (reminiscent of Ohm’s 
law) should not be overlooked because they are most useful in analysis. For 
example, the first equation, which states ‘open-circuit voltage equals short- 
circuit current divided by admittance,” is often the simplest way to find the 
voltage between two points in a network, as the following problem illustrates. 


EXAMPLE Find the voltage V between nodes 1 and 2 of Fig. 1-2. 


Solution The current flowing in a short circuit placed between 1 and 2 is, using 
superposition, 


I = # — 12 =0.50 mA 


If the sources are replaced by their internal resistances (assumed zero), then 
the three resistors are in parallel between 1 and 2. Hence 


Y =p +34 a5 = 0.35 mA/V = 0.35 millimho 
and 


momensinsee a sose anion aa 


The third relationship in Eq. (1-1), which states that “the impedance 
between two nodes equals the open-circuit voltage divided by the short-circuit 
current,” is frequently the simplest way to calculate the output impedance 
of a circuit. 


7 Fig. 1-2 An illustrative problem. 
10V 
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1-3 LOW-—FREQUENCY SMALL-SIGNAL TRANSISTOR MODEL? 


The incremental terminal behavior of a transistor is best described in terms 
of the h parameters for the following reasons. These hybrid parameters 
are real numbers at low frequencies, are particularly easy to measure, can also 
be obtained from the transistor static characteristic curves, and are convenient 
to use in circuit analysis and design. Furthermore, in present practice a 
set of h parameters is customarily specified for each transistor by the manu- 
facturer, and it is a simple matter to convert from the h parameters for one 
configuration, say the common-base (CB) circuit, to another arrangement, say 
the common-emitter (CE) configuration. 

The hybrid small-signal model, valid in the active region of the transistor, 
for any configuration at low frequencies is indicated in Fig. 1-3. The input 
(output or load) voltage is V; (Vz), the input (output) current is 7; (Iz), and 
the impedance loading the output is Zz. Note that this model contains two 
dependent sources, one (h,Vz) controlled by the output voltage and the other 
(h;I;) controlled by the input current. 

The quantities of most interest when using the transistor as an amplifier 
are the current gain Ar, the input impedance Z;, and the voltage gain Av. 
From Fig. (1-3) we can obtain the following formulas for these quantities: 


Fie | F 
sa i 1+ hZ1 i) 
V; 
Zi = T; = hy + h rAray (1-3) 
Vi _ ArZt 
Ay = Was? a. (1-4) 


The beautiful simplicity of the above amplifier equations is evident. Numer- 
ical calculations for any configuration may be carried out quite rapidly.? 
Note that the expression for Ay does not contain the h parameters explicitly 


(6) 


Fig. 1-3 (a) A transistor amplifier in either the CE, CB, or CC configuration; 
(b) the hybrid-parameter model for small-signal variations from the quiescent 
operating point. 
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TABLE 1-2 Typical h-parameter values 
(at Iz = 1.3 mA) 


ft K = kilohms. 
$M = megohms. 


and hence is valid regardless of what equivalent circuit is used for the tran- 
sistor. In particular, Eq. (1-4) applies even at high frequencies, where the h 
parameters are functions of the frequency: or where we may prefer to use 
another model for the transistor (Sec. 1-4). 

If a specified configuration is under consideration it is identified by a 
second subscript on the h parameters. Thus, for the CE configuration, 
hu, hy, hy, and h, are replaced by hic, hre, hye, aNd hoe, respectively. The negative 
of the current transfer ratio with the output short-circuited (often referred to 
simply as the short-circuit current gain) for the CE configuration is often called 
the beia of the transistor, or hy, = 8. For the CB configuration this quantity 
is called the alpha of the transistor, or hy, = —a. 

Tables of conversion formulas of h parameters for the three configurations 
are available.*+ For example, the CC parameters are given in terms of the 
CE hybrid values by the following nearly exact relationships: 


hic = hie hye = —(hye + 1) hye = 1 Iroc = Noe (1-5) 


An emitter follower is a CC circuit with the load in the emitter leg so that Zz 
is replaced by Z,. From the above equations it is found that for the emitter 
follower 


— hye +1 ay 
eae 7 of) 
Zi = hie + ArZ, (1-7) 
hie 
1~ Ay = 3 (1-8) 


The voltage gain of an emitter follower may be very close to unity, and Eq. 
(1-8) is a nearly exact expression for the deviation from unity. We shall make 
use of these equations in Sec. 14-15, where the Darlington cascade is discussed. 
Representative values of the hybrid parameters for a low- or medium-power 
junction transistor are indicated in Table 1-2. 
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We should like to point out for future reference that the CE input imped- 
ance under a reasonable load does not differ greatly from the short-circuit input 
resistance hie. Thus, for a 5-K load and for parameter values in Table 1-2 we 
find Z; = 1,045. This value is only 5 percent smaller than h;, = 1,100 9. 


1-4 THE HYBRID-PI (II), HIGH-FREQUENCY, SMALL-SIGNAL, 
COMMON-EMITTER MODEL? 


An equivalent circuit which gives excellent agreement with experiment in 
the range from d-c to frequencies where the effectiveness of the transistor 
begins to be limited is indicated in Fig. 1-4. The h-parameter circuit is simpler 
at low frequencies and hence the hybrid-II model is usually reserved for high- 
frequency calculations. We shall exploit it in Chaps. 4 and 5, where wide- 
band amplifiers are considered. All parameters (resistances and capacitances) 
in the model are assumed to be independent of frequency. They may vary 
with the quiescent operating point but under given bias conditions are reason- 
ably constant for small signal swings. The internal node B’ is not physically 
accessible. The ohmic base resistance, the so-called base-spreading resistance 
Yo’, is represented as a lumped parameter between the external base terminal 
and B’. The transistor transconductance g,, is linearly related to the emitter 
current Iz and varies inversely with the absolute temperature 7’ as follows: 


hye |Ie| 


Jn = Ith, nVr _ mbhos : (1-9) 


where 7 = 1 for germanium and approximately 2 for silicon and where 
Vr = T/11,600 (Sec. 6-1). Hence, for a germanium transistor at room 
temperature (with hy. > 1), with Iz in milliamperes, 

ww el 


Jn = “96 mhos (1-10) 


If the CE h parameters at low frequency—hy., hie; Rre, and h..—are determined 


Eo 


Fig. 1-4 The hybrid-II model for a transistor in the CE 
configuration. 
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at a given emitter current Iz, then the resistances in the hybrid-II circuit are 
calculable from the following four equations in the order given: 


= Me = 9m . 5 
Toe = Im or Gore = hre (1 11) : 
Too = Nie — The : (1-12) 
7 Tore _ Dre = 
Toe = ie or Gore = ae (1-13) 
1 : 
Jee = he = a + Aye) Gore = Rs (1-14) 


For the typical h parameters in Table 1-2 we find at Jz = 1.3 mA and room 
temperature that for a germanium transistor 


Jn = 50 mA/V The = 1K Top = 100 Q 
Tore = 4M Tee 82 K 


The collector junction capacitance C, = Cy. is the measured CB output 
capacitance with the input open (Iz = 0) and is usually specified by manu- 
facturers as Cy. The emitter-junction capacitance C, = C,-. is determined 
from a measurement of the frequency fr at which the CE short-circuit current 
gain drops to unity. We verify in Sec. 4-6 that 


C, = 2" (1-15) 


Reasonable values for these capacitances are 


C. = 3 pFt C. = 100 pF 


1-5 SMALL-SIGNAL TUBE MODELS 


For small variations from the quiescent operating point a vacuum tube 
(Fig. 1-5a) may be replaced by either the Thévenin’s model of Fig. 1-5b or 
the Norton's equivalent of Fig. 1-5c. Both of the dependent sources, the 
Thévenin’s voltage generator and the Norton’s current generator, are con- 
trolled by the voltage V,, from grid to cathode. In these circuits r, = plate 
resistance, » = amplification factor, and g, = transconductance. These three 
parameters are not independent because u = gmp. The model of Fig. 1-5 is 
equally valid for a triode or a pentode provided that the screen and suppressor 
are held at fixed, voltages. A network containing tubes may be analyzed by 
replacing each device with its equivalent circuit and by disregarding all those 
features, such as supply and bias voltages, which have an influence only on the 
quiescent state. 


¢ The abbreviation pF = picofarad = puF = micromicrofarad. 


Sec. 1-6 


(a). (d) (c) 
Fig. 1-5 The vacuum tube in (a) may be replaced by either the Thévenin's 
model, as in (b), or the Norton's equivalent circuit, as in (c). 


1-6 VOLTAGE AND CURRENT AMPLIFICATIONS 


In Chaps. 4 and 5 we shall deal with the gain, frequency response, and time- 
domain response of vacuum-tube and transistor amplifiers and amplifier 
stages. To avoid the need to digress in that discussion, we shall, at this point, 
define a number of voltage and current amplifications, introduce symbols for 
them, and derive certain useful relationships among them. ; 

In Fig. 1-6a a signal J is applied to an amplifier stage (transistor or tube) : 
from a generator of source impedance Z,, and, asa result, a signal J, is delivered 
to the load Z,. We have chosen here to represent the input generator by its 
Norton’s equivalent. The current entering the input terminals of the amplifier 
is I;, We define the four current gains 


Ar= z Ar = ty (1-162) 
it It 
Ai= 7 (4,=0) Au = + (21 = 0) (1-160) 


(a) 


() 


Fig. 1-6 An amplifier driven by (a) a current source and (b) 
a voltage source. 
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The gain A;, takes account of the source impedance Z, although A; does not. 
The gain A; is the ratio of load current to the current that would be furnished 
to the amplifier input by an ideal current source for which Z, = ©. For 
such an ideal source Ay = Ar. The gains A; and Aj, are the corresponding 
gains when the amplifier output terminals are shorted. 

Alternatively, we might have chosen to have represented an input gen- 
erator by its Thévenin’s equivalent (a source V in series with its impedance 
Z,), a8 in Fig. 1-6b. The input and output (load) voltages of the amplifier are 
V; and Vz, respectively. In this case it is appropriate to define the voltage 
gains 


Ay I Vv Avs = Vv (1-17a) 
A, = Vag = 0) An = = (Z, = ~) (1-176) 
= V; L an L 


As in the case of the current amplifications, the gain Ay, has the “practical”’ 
aspect that it takes account of the generator impedance, whereas Ay does not. 
The gain Ay, is equal to Ay when the input signal is applied by an ideal 
voltage generator of zero impedance. The gains under open-circuit conditions 
(when the load is disconnected from the output terminals) are A, and A... 

In general, the relationships among these various gains depend on the 
amplifier. If the input impedance is Z;, then it follows from the defining 
equations (1-16) and (1-17) and from Fig. 1-6 that 


q; Z 


cme alas Aa 


(1-18) 


and 
V; Z: 
Ay. = Avy = Av GTZ, (1-19) 


We observe that these equations are consistent with the statements made 
above that Ar, = Arif Z, = © and Ay, = Ay if Z, =0. Combining Eggs. 
(1-4) and (1-19), 


_ Ardy 
Av. = Z. + Zz: (1-20) 


Equations (1-18) and (1-20) indicate how to calculate current and voltage gains 
taking source impedance into account if the cvrrent gain A; from an ideal 
source is known. In order to evaluate these amplifications we must be able 
to evaluate the input impedance Z; of the amplifier under consideration. 
There is one relationship which is independent of the amplifier (since it 
does not require a knowledge of Z;) and which we shall find useful. Since 


Ar, => Ay, == Vi = T,Z1 V=I1Z, 
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we have that 


Av = An (1-21) 
This same result is obtained by dividing Eq. (1-20) by Eq. (1-18). It is 
important to keep in mind that Eq. (1-21) applies only provided that Ay, and 
Ar correspond to the same source and load impedances. But the result is 
independent of whether the source impedance appears as an element in series 
with the input terminals and voltage generator, as in Fig. 1-6b, or in shunt 
with the input terminals and current generator, as in Fig. 1-6a. 

Suppose now that the ratio Z:/Z, is independent of frequency (or, more 
generally, of the Laplace transform variable). Then from Kq. (1-21) we have 
the result that the frequency response and time-domain response of the voltage 
gain Ay, and of the current gain Ar, are precisely the same in form. Such 
would be the case if, for example, the source and load impedances were both 
resistive. However, even under this circumstance note that the transient 
response of Ay (Z, = 0) may not be the same as that of Ar (Z, = ~). 

Note that none of the equations in this section depends upon the particular 
model chosen for the amplifier. They are equally applicable to a tube or to a 
transistor amplifier of any number of stages. Of course, in evaluating the 
symbols, such as Z;, in the equations we must refer to an equivalent circuit 
valid for the active device over the frequency range under consideration. 

We shall often have occasion to refer to an amplification in the midband . 
region; this quantity will be indicated explicitly by an additional subscript o. 
Two examples follow: 


Ate = midband current gain under load taking the source impedance into 
account 

midband open-circuit voltage amplification fed from an, ideal voliage 
source (R, = 0, Rr = ©) 


Avo 


A few final important observations with respect to the frequency response 
of an amplifier: If the entire circuit can be reduced at low frequencies to 
one containing a single time constant 71, then the frequency response is given by 


——fe ae __ Ae _ 
1—j/or, 1 — j(fi/f) 
where Aj represents atuplification (either current or voltage) as a function of 
frequency, A. is the midband gain, and f; = 1/2mr1 is the lower 3-dB frequency. 
Similarly, for a single-time-constant (72) circuit at high frequencies the 
response A; is given by 
Ait a 
1+ jor2 1+ 5(f/f2) 


where fo = 1/2mrz is the upper 3-dB frequency. 


A,= (1-22) 


Ar = (1-28) 
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(0) (c) 
Fig. 1-7 Pertaining to Miller's theorem. By definition, K = V2/V1. 


The following procedures allow a very simple evaluation of A, and 
r (r1 or 72). If all independent voltage sources are short-circuited and if all 
independent current sources are open-circuited, the resulting network con- 
tains only resistors and capacitors. Since we have assumed a single-time- 
constant circuit we should now be able to evaluate 7 by inspection. To calcu- 
late A, we must solve a resistive network for the ratio of output-to-input voltage 
(or current). This midband region contains no reactive elements because 
in the low-frequency circuit this region is defined by f-—> » and in the high- 
frequency case by f — 0. 


1-7 MILLER’S THEOREM 


Consider an arbitrary circuit configuration which can be split into two net- 
works N,; and N2 interconnected with an impedance Z’, as indicated in Fig. 
1-7a.. More specifically, a set of terminals 1-2 is selected in N, and a second 
set 3-4 is designated in N. so that 1 and 3 are connected through Z’ and 2 and 
4 through a short circuit. We postulate that we know the ratio V2/Vi, where 
V1 is the voltage between terminals 1-2 and V; is the voltage between terminals 
3-4. Designate the ratio V2/V, by K, which in the sinusoidal steady state will be 
a complex number and more generally will be a function of the Laplace transform 
variable s. ‘We shall now show that the current J; drawn from N; can be 
obtained by disconnecting terminal 1 from Z’ and simply. bridging an imped- 
ance Z’/(1 — K) across 1-2, as indicated in Fig. 1-7). 
The current J, is given by 


fae Vee VSB) o Vi _V1 
‘ Zz Z' Z/A—K) ZZ 


(1-24) 
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Therefore if Z; = Z’/(1 — K) were shunted across terminals 1-2 the current 
I, drawn from N, would be the same as that from the original circuit. Accord- 
ingly, as far as the voltages and currents in N; are concerned, the two configura- 
tions (Fig. 1-7a and 0) are indistinguishable from one another. 
In a similar way it may be established that the correct current 2 drawn 
from N, may be calculated by replacing the connections to terminals 3-4 by an 
impedance Z2, given by 
ZK 
i-—1/K K-—-1 
In other words, as far as N2 is concerned Fig. 1-7a and ¢ are equivalent. It 


must. be emphasized that this theorem will be useful in making calculations 
only if it is possible to find the value of K by some independent means. 


Z,= (1-25) 


rons goin 


EXAMPLE Consider a triode-tube amplifier stage, taking interelectrode capaci- 
tances into account. (a) What is the effective input impedance? (b) What is 
the effective capacitive loading at the output? 


Solution a. As indicated in Fig. 1-8a, network N, may be taken as the source Vi 
in parallel with C,, and network N; as the tube including R, and C,, and Z’ = 


pai eee 
wy, (1 -K) 


(0) 


Fig. J-8 (a) A triode stage; (b) the equivalent input circuit; (c) the 
equivalent output circuit. 
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—j/wC,». Using the above theorem the loading on MN, is as indicated in Fig. 
1-8b, where K = V2/V, represents the voltage gain of the stage. The calculation 
of K is made by replacing the tube by its small-signal model and solving the 
resulting network. In the midband region we find, approximately, 


K = -A, where A, = Ink stn 
Ro+rp 


is the magnitude of the voltage gain. In this region the load on the source V; 
(or on the stage preceding the one under consideration, if a multistage amplifier 
is under consideration) is a capacitance 


Cs = Cop + Cop(1 + Ao) (1-26) 


Since A, may be a large positive number, C; may be very much larger than C,x. 
This exaggeration of the grid-plate capacitance is called the Miller effect. If, 
typically, C,p = 3.5 pF = C,, and K = —10, then the input capacitance is 
42 pF. The Miller effect operates in pentodes as well, but the capacitance Cy» 
in a pentode is smaller than in a triode by a factor in the range 100 to 1,000. 


b. In Fig. 1-8c we have indicated N2 with the tube replaced by its Norton’s 
small-signal model and with Z2 given by Eq. (1-25), namely, 


Pot ae eh (1-27) 


if the voltage gain K is much greater than unity. Under these circumstances Z2 
simply represents a capacitance equal to Cj». Hence, the total capacitance 
loading this stage is C,p + C,x (plus, of course, the input capacitance of the next 
stage if this amplifier is followed by another stage). Note that in this case we 
do not need to know the exact expression for K, but we merely must be certain 
that |K| > 1. 


sreemen ae tenes 


men Nts SNA CON RENN 


The Miller effect® was originally enunciated in connection with the input 
capacitance of vacuum tubes. However, the transformation presented above, 
by which the Miller effect is deduced, is generally useful in the analysis of other 
circuits, and we shall refer to the transformation as Muller's theorem. 


Fig. 1-9 The circuit which results from an application of the Miller theorem-to 
the Resting circuit of Fig. 1-4. The impedance Z’ of Fig. 1-7 is now equal to 
the parallel combination of g,. and C.. 
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An application of Miller’s theorem to the hybrid-II model of Fig. 1-4 
yields the circuit of Fig. 1-9. Here K = Vce/Vire. Observe that the use 
of Miller’s theorem has resulted in two isolated networks, one at the input 
and one at the output. We discuss further simplifications of this circuit in 
Sec. 4-7, where we also inquire into the determination of the value of K in cases 
of interest. 


1-8 THE OPERATIONAL AMPLIFIER 


An operational amplifier is constructed in the manner indicated in Fig. 1-10a. 
Here an amplifier, with input terminals 1 and 2 and output terminals 3 and 4, 
whose gain is negative, real, and large has been augmented by the addition 
of two impedances Z and Z’. The impedance Z; represents the input imped- 
ance of the amplifier. A simplified representation of the amplifier is shown in 
Fig. 1-100. The amplifier within the box in Fig. 1-10a is called the base 
amplifier and may consist of one or more vacuum-tube or transistor stages in 
cascade. 

We define Ay = V./V; to be the voltage amplification with Z’ in place. 
Comparing Fig. 1-10 with Fig. 1-7 we see that Miller’s theorem is directly 
applicable with K = Ay. Hence, an equivalent circuit of the operational 
amplifier, which gives the same input current J from the source V,, the same 
amplifier input voltage V;, and consequently the same output voltage V. as 
in Fig. 1-10, is ener in Fig. 1-11. From this figure we see that if 


| |« (1-28) 
then J’ = J. Under these circumstances the output voltage is 
La 
Ve = AyVi = Al po Z (1-29) 
1— Ay 


Even for a transistor, for which the input impedance is much smaller than 


(b) 


Fig. 1-10 Two representations of an operational amplifier. 
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Fig. 1-11 An equivalent circuit of the operational amplifier. 


for a vacuum-tube amplifier, the inequality (1-28) will be satisfied provided 
that Ay is made sufficiently large. As |Ay|—> « the impedance across ter- 
minals 1 and 2 approaches zero (a short circuit), and I ~ V,/Z. Also, as 
|Ay|—> ©, we see from Kq. (1-29) that the output is 


Z' 
om t= —_—_— — 
V,.~= —IZ 7 V, 


and the overall voltage gain is 
Vo Zz’ 
As = an A 

The operation of the circuit may now be described in the following terms. 
At the input to the amplifier proper there exists a virtual short circuit or 
virtual ground. The term ‘virtual’ is used to imply that, while the feedback 
from output to input through Z’ serves to keep the voltage V; at zero, no cur- 
rent actually flows through this short. The situation is depicted in Fig. 1-12, 
where the virtual ground is represented by the heavy double-headed arrow. 
The current furnished by the generator V, continues past this virtual short 
through the impedance Z’, so that V, = —IZ’. 

An operational amplifier may be used to perform many mathematical 
operations. This feature accounts for the name which has been assigned to 
this type of amplifier configuration. Among the basic configurations are the 
following: 


(1-30) 


Sign Changer or Inverter If Z = Z’, then Ay = —1, and the sign of the 
input signal has been changed. Hence such a circuit acts as a phase inverter. 
If two such amplifiers are connected in cascade, the output from the second 
stage equals the signal input without change of sign. Hence, the outputs 
from the two stages are equal in magnitude but opposite in phase, and such a 
system is.an excellent paraphase amplifier. 


Fig. 1-12 Virtual ground in the operational 
amplifier. 
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(a) 2) ? 


Fig. 1-13 (a) Operational integrator; (b) equivalent circuit. 


Scale Changer If the ratio 2/2 =k, a real constant, then A; = —k, 
and the scale has been multiplied by a factor —k. Usually, in such a case of 
multiplication by a constant, —1 or --k, Z and Z’ are selected as resistors. 


Phase Shifter Assume Z and Z’ are equal in magnitude. but differ in 
angle. Then the operational amplifier shifts the phase of a sinusoidal input 
voltage while at the same time preserving its amplitude. Any phase shift 
from 0 to 360° (or +180°) may be obtained. 


Integrator If Z = R and.a capacitor C is used for Z’, as in Fig. 1-13, we 
can show that the circuit performs the mathematical operation of integration. 
The input need not be sinusoidal and hence will be represented by the lower- 
case symbol v = v(t). (The subscript s will now be omitted, for simplicity.) 
Correspondingly, the current as a function of time is designated by i = (2). 
In Fig. 1-13) (analogous to Fig. 1-12) the double-headed arrow represents a 
virtual ground. Hence? = v/R and. , 


, 1 
m= 5 idt= — pa f vat (1-31) 


The amplifier, therefore, provides an output voltage proportional to the integral 
of the input voltage. 

If the input voltage isa constant v = V, then the output will be a ramp 
Vo = ~Vi/RC. We shall discuss this Miller integrator in detail in Chap. 14, 
where the errors introduced because Ay cannot be infinite are analyzed. 


Differentiator If Z is a capacitor C and if Z’ = R, then we see from the 
equivalent circuit of Fig. 1-14 that 7 = C dv/dt and 


» = —Ri=—RC®@ (1-32) 


Hence, the output is proportional to the time derivative of the input. 

We note that when the gain Ay is large enough, the overall gain of the 
operational amplifier is A; = —Z’/Z. Therefore, provided only that the 
amplifier has adequate gain, the overall amplification depends only on the 
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Fig. 1-14 Equivalent circuit of the 
operational differentiator. 


impedances Z’ and Z and not on other elements nor on the characteristics 
of the active devices used in the base amplifier. If Z’ and Z are selected to be 
stable components the overall gain will be similarly stable. The operational 
amplifier suppresses the effect of the variability of gain with operating point, 
with age, with replacement, with temperature, etc. Similarly, the operational 
amplifier suppresses the effect of active element nonlinearity, for nonlinearity 
may be viewed as a variation of device parameters with operating point. 

These features of stability as well as other useful features which are char- 
acteristic of the operational amplifier result from the fact that this amplifier 
configuration incorporates feedback. The input signal to the amplifier V; 
in Fig. 1-10a@ is a linear combination of the external signal V, and the output 
signal V,. Since the signal which is fed back to the input is proportional 
to the output voltage, the amplifier is described as incorporating voltage feed- 
back. The feedback is negative (or degenerative) in the sense that the gain 
with feedback |A,| is less than the gain without feedback |Ay|. In a physical 
circuit, the base amplifier consists of a cascade of common-emitter or common~ 
cathode stages. The input is applied at the base or grid of the first stage 
and the output taken from the last collector or plate. Therefore, this type of 
feedback is often called collector-to-base or plate-to-grid feedback. 


1-9 _A CURRENT FEEDBACK AMPLIFIER 


A second feedback-amplifier configuration of a type we shall encounter in 
Chap. 15 is shown in Fig. 1-15. Here the feedback voltage is taken across 


Fig. 1-15 A current-feedback-amplifier circuit configuration. 
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the resistor R,, and this voltage V; = IR, is now proportional to the output 
current I, rather than to the output voltage, as was the case with the opera- 
tional amplifier. As a matter of convenience, separate inputs 1 and 1’ are 
provided for the external signal and feedback signals, respectively. For. 
example, the two inputs may be the bases of the two transistors of a difference. 
amplifier. The superposition of the two signals which appears at the collector Zi 
continues thereafter through a common channel to the output. A Thévenin’s; 
replacement of the base amplifier has been made with respect to terminals’ 
3 and 4. The output impedance without feedback is R,, and provision has 
been made to account for the possibility that the gains A and A’ forthe external 
signal and the feedback signal, respectively, may not be the same. 
From Fig. 1-15 we have 


Vo=AV.+ A'V, —(Ro+ Rol, = Zilz (1-33) 
Eliminating V; through V, = IR, and solving for I, we find 


betes A * sn 
A'Ry — (Ro + Ry + Z1) 


If the gain |A’| is made large enough so that |A’|Ry > |R. + R; + Z|, then 


_ AY, 
AR; 


Ti (1-34) 


I, x (1-35) 


Suppose further that we arrange that the feedback and external signals pro- 
ceed, for the most part, through a common channel. Then A ~ A’ and 
_—Y, 
Ry 


I, = (1-36) 
Equation (1-36) indicates that the load current will be proportional to the 
input signal and will be stable if Ry is a stable resistor. As indicated by 
Kq. (1-36), the load current does not depend on the parameters of the amplifier 
or circuit elements, active or passive, other than R;. The result is independent 
of any nonlinearity of amplifier or the load Zz. These advantageous features 
result from the negative current feedback present in the circuit when the gain A 
is large, real, and negative. Thus in the present case the current feedback 
assures stability and lack of distortion in the output current just as, in the 
operational amplifier, the voltage feedback secures these same benefits for the 
output voltage. 


1-10 GRAPHICAL CALCULATION FOR A TUBE CIRCUIT 


A computation which must often be made in pulse circuits is that of calculating 
the quiescent voltages and current in a triode tube circuit. Many practical 
one-tube circuits have a resistor 2, in series with the cathode in addition to the 
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Fig. 1-16 A tube circuit with both 
plate and cathode resistors. 


resistor R, in series with the plate. The resistor R;, is returned either to 
ground or to a negative supply — V xx, as indicated in Fig. 1-16. 

We consider now how to use the characteristic curves of the vacuum 
tube to analyze the circuit for a fixed (d-c) grid bias Vee. Kirchhoff’s law 
(KVL) applied to the plate circuit yields 


—Vpp — Vex+ Ve+Ir(Rp + Re) = 0 (1-37) 
Similarly, KVL around the grid circuit gives 
—Vee + Ve — Vex+ IrpR, = 0 (1-38) 


Equation (1-37) represents a load line corresponding to an effective sup- 
ply voltage Ver + Vex and a total resistance Rp, + Ry. This line is plotted 
on the plate characteristics in Fig. 1-17. From Eq. (1-38) the current is given 
by 
— Veo + Vex — Ve 

Rx 
For each value of Vg for which there is a plotted plate characteristic the 


current Ip is calculated from Eq. (1-39). The corresponding values of Jp 
and V¢ are plotted on the characteristics, as indicated by the dots in Fig. 1-17. 


Ip (1-39) 


Fig. 1-17 The intersection of 
the load line and the bias 
curve gives the operating 
point. 
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The locus of these points is called the bias curve. The intersection of the bias 
curve and the load line gives the plate voltage V and current J corresponding 
to the given input voltage Veg. 

The procedure outlined above is extremely simple to carry out. It is 
really not necessary to use all values of Vg; it suffices to find two adjacent 
grid curves which give currents above and below the load line, as indicated by 
points A and B in Fig. 1-17. The intersection of a straight line drawn through 
A and B with the load line gives the desired operating point. In particular 
it should be noted that if Vee + Vx is large compared with the range of values 
of Ve (called the grid base), then Ip will be almost constant and hence the 
curve connecting the dots in Fig. 1-17 will be approximately a horizontal 
straight line. 

The cathode follower is a special case of the circuit of Fig. 1-16 with 
R, = 0. Often the cathode resistor is connected to ground, so that Vex = 
Sometimes neither Vex nor Veg is used, and self-bias is obtained from the 
quiescent drop across R,. The construction is the same as that indicated in 
Fig. 1-17, with a load line corresponding to Vpp and R, (or to Ri + R, if 
R, ~ 0) and a bias curve given by Ip = —Vo/Rx. 

Methods for calculating the quiescent operating condition in a transistor 
circuit both in the active region and in saturation are given in the text where 
needed and therefore are not discussed here. 


1-11 INPUT AND OUTPUT IMPEDANCE OF A TUBE STAGE 


Figure 1-18 shows a tube stage with plate and cathode resistors. Our concern 
here is with small-signal operation; therefore all bias and supply voltages have 
been omitted. The plate and cathode resistors have been placed to suggest 
that these may be viewed, when we please to do so, as external loads on the 


Fig. 1-18 A vacuum-tube stage with a plate and cathode resistor. 
The signal source V, is connected between grid and cathode or 
between grid and ground. 
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amplifier and not part of the amplifier. Provision has been made so that the 
external signal source V, may be connected between grid and cathode or 
between grid and ground. 

Let us now consider the Thévenin’s equivalent circuit with respect to the 
output terminals P-N when the signal source V, is connected between grid and 
cathode. We consider that R; is in place but R, is not connected. Replacing 
the tube by its small-signal equivalent of Fig. 1-5b we find that the Thévenin’s 
equivalent source V and output impedance Z (Fig. 1-1a) are 


V= —unV, Z=t + Re (1-40) 


Next we determine the Thévenin’s equivalent when the source V, is connected 
between grid and ground. To make this calculation we connect R, so that a 
current I, will flow. Using again the small-signal equivalent circuit of the 
tube we find 


BV, 
= -41 
Ae eae WRF Ry an 
The output voltage V. = Vp, is 

Vv. = —1,R, (—#V.) Re (1-42) 


“ir, + a + DRI +R, 


If a load Zz were connected across the terminals 1 and 2 of Fig. 1-1a then the 
output in that case V, = Vie would be 

 _ Vast 

Vo= Th (1-43) 
Comparing Eqs. (1-42) and (1-43) we note that if we consider R, an external 
load like Zr, then in the Thévenin’s equivalent with respect to terminals P-N, 


Va-nV, Zaryt+(ut+ DR (1-44) 


Comparing Eq. (1-44) with (1-40) we see that the change in connection of the 
input source has not modified the Thévenin’s source voltage but has resulted 
in the addition of a term uF; to the output impedance. 

When the output is taken between K and N and when the signal source is 
connected between G and K, with R, in place, but R; not connected, then the 
Thévenin’s circuit consists of a source V and output impedance Z given by 


V=uvV, Z=r,+ R, (1-45) 


With the source V, connected between grid and ground we proceed as before 
and obtain Eq. (1-41) for Zp. Hence V, = Vin is given by 


VR, 


Ve Sle = aR, £ ee Ri 


(1-46) 


Sf Wie ante ads RO Ee ae ga Me RO aly Te bears, 
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or 
_ _V, Ri 
""a+int ep (1-47) 
util z 


Comparing Eq. (1-47) with (1-43), with Z, = R,, we find that the Thévenin’s 
source voltage and output impedance are given by 


uV, _tpt+ Rk, 
Ay 2G (1-48) 


Thus the change in connection, in this case, results in both V and Z being 
divided by » + 1. _ 

If, in Fig. 1-18, the grid draws no current, then the input impedance is 
infinite. In a physical tube, however, even with a negative bias on the grid 
some small grid current will flow: because of residual gas in the envelope. 
Hence an equivalent resistance R, appears between grid and cathode owing 
to this gas current or because the grid is driven positive or simply because a 
grid-leak resistor is connected between grid and cathode externally to the tube. 
If the source V, is connected between the grid and cathode, then the source sees 
an input impedance R,. However, if the source V, is connected between grid 
and ground, then, in accordance with Miller’s theorem of Sec. 1-7, the input 
resistance is . 


R 


= —— 2 _ 
1— Ay 


R; (1-49) 
where Ay is the voltage gain from the external signal to the cathode, that is, 
Av = Vin/V.. Since Ay represents the gain of a cathode follower (except 
for the additional resistance R, in the plate circuit), then Ay is positive and 
usually not much less than unity. Hence, Eq. (1-49) indicates that the input 
impedance may be very much larger when V, is connected between grid and 
ground than when connected between grid and cathode. 


1-12 INPUT AND OUTPUT IMPEDANCE OF A TRANSISTOR STAGE 


Figure 1-19@ shows a transistor stage with an emitter and a collector resistor. 
Again, bias and supply voltages have been omitted. For a base current J,, 
the collector and emitter currents are written in terms of the current gain A, 
which is defined as Ar = —I./I;. If the emitter resistor were not present, 
the input impedance, seen between base and ground, would be R; ~ hi. This 
result follows from Fig. 1-3b and from the consideration that h,, is so small (see 
Table 1-2) that ordinarily the voltage h,.Vz is negligible in comparison with 
the voltage across h,.. This approximation is justified more quantitatively 
below. Similarly, the output impedance between collector and ground (con- 
sidering 2, an external load) is 1/h,. if R, = 0. 
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= (a) 


Fig. 1-19 (a) A CE transistor circuit with an emitter resistor R,. (b) An equivalent 


circuit which gives the same currents as in (a). 


The input and output impedances in the presence of the emitter resistor 
may be determined very simply by recognizing the equivalence of the circuits 
in Fig. 1-19a and b. This equivalence may be established by writing the 
KVL equations for the base mesh and for the collector mesh with the transistor 
junction voltages in Fig. 1-19a set equal to the transistor junction voltages in 
Fig. 1-19). The set of mesh equations for Fig. 1-19a and 0b are identical. 
Hence, for a given source and load the input and output currents will be 
identical. 

We observe that, since Ar is large and (Ar; — 1)/Ar ~ 1, the collector 
circuit resistance is increased by R,2. If R. + Rx < 4 K, then the current 
gain differs from its short-circuit value by less than 10 percent. (We shall 
justify this approximation below.) From inspection of Fig. 1-19), we have, 
with Ar = —hy., 


R; = hie + ce) + hye) Re (1-50) 


Typically, hie ~ 1K, hye ~ 50, and R, ~ 1K. In this case, the addition 
of the emitter resistance increases the input resistance from 1 to 52 K, an 
impressive change. 

The output impedance seen at the collector is also greatly increased by 
the presence of the emitter resistance. For values of R, which are large com- 
pared with R, + hie, the emitter may be assumed to be an open circuit and the 
base to be grounded. Under these conditions, the output resistance from 
collector to ground approaches the resistance from collector to base with an 
open emitter, or R, = 1/hs ~ 2M. This value greatly exceeds the output 
resistance for R, = 0, namely, 1/h.. ~ 40 K. Clearly, R, depends upon FR. 
and R,. This dependence is given in Prob. 1-32. 

Consider now the case where the output is taken between emitter and 
ground. We assume again that A, ~ —h,, and that the impedance between 
base and emitter is h;.. Then from the application of KVL around the base 
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mesh of Fig. 1-19a we find 


4 


As - R, + Nie + 6] + hy.) Re 


(1-51) 


and 
Ven 


(1 + Ay.) LR. (1-52) 


Substituting from Eq. (1-51) into Eq. (1-52) and dividing numerator and 
denominator by 1 + hy, we obtain 


VLR. 


R, + hie 
as + R. 


Comparing this expression with Eq. (1-43), we see that if R, is considered 
to be an external load, the Thévenin’s source voltage V and output impedance 
Z with respect to the emitter and ground terminals are 


R, + hie 
is Pe 


Thus, looking into the emitter we see that the impedance in the base mesh 
of Fig. 1-19a is divided by the factor 1 + hy. The reason for this reduction is 
that of the current drawn from the emitter terminal only a fraction 1/(1 + hy.) 
is supplied as base current. 

We shall now justify the approximation used above that Ar ~ —hy. 
_ The effective load impedance Zz is seen from Fig. 1-19b to be 
Ar~1 

Ar 


The exact expression for the current gain may be found by using Eq. (1-2), 
with Z, given by Eq. (1-55). Solving for Az we find 


= —hye + hoeRe 
1 + hoe Rr + R.) 


Using the parameter values in Table 1-2-we can verify that, if Ri + R, < 4K, 
A; differs from —h,. by less than 10 percent. In a similar manner we can 
justify the assumption that if R, + R. < 4 K, the impedance between base 
and emitter differs from h,. by less than 5 percent. 


Ven = (1-53) 


Vet, gs (1-54) 


4, = Rr t+ 


R, (1-55) 


Ar (1-56) 
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2 LINEAR WAVE SHAPING: 
RC, RL, AND RLC CIRCUITS 


If a sinusoidal signal is applied to a transmission network composed 
of linear elements, then, in the steady state, the output signal will have 
a waveshape which is a precise reproduction of the input waveshape. 
The influence of the circuit on the signal may then be completely 
specified by the ratio of output to input amplitude and by the phase 
angle between output and input. With respect to this feature of pre- 
serving waveshape in all linear networks, the sinusoidal signal is 
unique. No other periodic waveshape preserves its form precisely, 
and, in the general case, the input and output signal may bear very 
little resemblance to one another. The process whereby the form of a 
nonsinusoida] signal is altered by transmission through a linear net- 
work is called “linear wave shaping.” 

In pulse circuitry there are a number of nonsinusoidal waveforms 
which appear very regularly. The most important of these are the 
step, pulse, square wave, ramp, and exponential waveforms. The 
responses to these signals of certain simple RC, RL, and RLC circuits 
are described in this chapter. 


2-1 THE HIGH-PASS RC CIRCUIT 


The capacitive coupling network of Fig. 2-1 is a rudimentary high-pass 
filter. Since the reactance of a capacitor decreases with increasing 
frequency, the higher-frequency components in the input signal appear 
at the output with less attenuation than do the lower-frequency com- 
ponents. At very high frequencies the capacitor acts almost as a 
short circuit and virtually all the input appears at the output. This 
behavior accounts for the designation “high-pass filter.” 

At zero frequency the capacitor has infinite reactance and hence 
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Fig. 2-1 The high-pass RC circuit. [If the 
input is sinusoidal, the lowercase letters 
should be replaced by capitals to represent 
sinor (phasor) quantities. For example, > is 
replaced by V..] 


behaves as an open circuit. Any constant (d-c) input voltage is “blocked” 
and cannot reach the output. Therefore C is called a ‘‘blocking capacitor.” 
The basic configuration of Fig. 2-1 is the most common coupling circuit used 
to obtain d-e isolation between input and output. 


Sinusoidal Input For a sinusoidal input Vin, the output signal V, 
increases in amplitude with increasing frequency. Even in the case of a 
transmission network where no amplification is involved and in which the 
output is always smaller than the input, it is not uncommon to refer to the 
ratio V./Via, for a sinusoidal signal, as the “amplification” or ‘gain’? A of , 
the circuit. For the circuit of Fig. 2-1, the magnitude of the gain |A| and the 
angle @ by which the output leads the input are given by 


1 2 fi 
i+ Gp} and a= arctan’; (2-1) 
where f, = 1/2rRC. At this frequency fi, the magnitude of the capacitive 
reactance is equal to the resistance, and the gain is 0.707. This drop in signal 
level corresponds to a signal reduction of 3 decibels (dB), and accordingly 
fi is referred to as the lower 3-dB frequency. The maximum possible value 
of the gain (unity) is approached asymptotically at high frequencies. 


Ale 


Step-voltage Input A step voltage is one which maintains the value zero 
for all times ¢ < 0 and maintains the value V for all times¢ > 0. The transi- 
tion between the two voltage levels takes place at t = 0 and is accomplished 
in an arbitrarily short time interval. Thus in Fig. 2-2, »; = 0 immediately 
before ¢ = 0 (to be referred to as time { = 0—), and v; = V immediately after 
t = 0 (to be referred to as time ¢ = 0+). 

From elementary considerations, the response of the network is exponen- 
tial, with a time constant RC = 1, and the output voltage is of the form 


v= By t+ Boe!* (2-2) 


The constant B; is equal to the steady-state value of the output voltage 
because as t—> ~, », > B,. If this final value of output voltage is called V,, 
then B, = V;. The constant Bz is determined by the initial output voltage, 
say V., because at t = 0, ». = V; = B, + Bz or B, = Vi — Vy. Hence the 
general solution for a single-time-constant circuit having initial and final yalues 
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V; and V,, respectively, is 
to = Vy + (Vi — Viet G9) 


This basic equation will be used many times throughout this text. 

The constants V,; and V; must now be determined for the circuit of Fig. 
2-1. We have already emphasized that the capacitor C blocks the d-c com- 
ponent of the input; since the input is a constant for ¢ > 0, the final output 
voltage is zero, or V; = 0. The value of V; is determined from the following 
basic considerations. 

If the instantaneous current through a capacitor is 7, then the change 


in voltage across the capacitor in time f; is (1/C) I idt. If we restrict our- 


selves to those circuits in which the current is always of finite magnitude, 
then the above integral approaches zero as t:— 0. Hence, it follows that 
the voltage across a capacitor cannot change instantaneously, provided that the 
current remains finite. 

Applying the above principle to the network of Fig. 2-1, we must conclude 
that since at t = 0 the input voltage changes discontinuously by an amount V, 
the output must also change abruptly by this same amount. If we assume 
that the capacitor is initially uncharged, then the output at ¢ = 0+ must 
jump to V. Hence, V; = V and since V; = 0, Eq. (2-3) becomes 


Vo = Ve (2-4) 


Input and output are shown in Fig. 2-2. Note that the output is 0.61 of 
its initial value at 0.57, 0.37 at Ir, and 0.14 at 2r.. The output has completed 


> 


Fig. 2-2 Step-voltage response of the high-pass RC circuit. The dashed 
line is tangent to the exponential at ¢ = 0-+-. 
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more than 95 percent of its total change after 3r and more than 99 percent 
of its swing if t > 5r. Hence, although the steady state is approached 
asymptotically, we may assume for most applications that the final value has 
been reached after 5r. 


Pulse Input An ideal pulse has the waveform shown in Fig. 2-3a. The 
pulse amplitude is V and the pulse duration ist). It appears from Fig. 2-3a, b, 
and ¢ that the pulse may be considered to be the sum of a step voltage +V 
whose discontinuity occurs at t = 0 and a step voltage — V whose discontinuity 
occurs at t = fp. ‘ 

If the pulse of Fig. 2-3a is applied to the circuit of Fig. 2-1, the response 
for times less than ¢, is the same as that for the step-voltage input. Hence, 
the output at ¢ = t,— is given by ». = V exp (—t,/RC) = V,. At the end 
of the pulse, the input falls abruptly by the amount V, and, since the capacitor 
voltage cannot change instantaneously, the output must also drop by V. 
Hence, att = t,+,% = V,—V. Since V, is less than V, the voltage becomes 
negative and then decays exponentially to zero, as indicated in Fig. 2-3d. 


= 


Vv 
(a) 
oo t=ty t 
V 
b ; 
@) Fig. 2-3 (a) A pulse; (b, c) the 
9 t step voltages which make up the 
pulse; (d) the pulse after 
‘ t=ty transmission through the high-pass 
t RC circuit. 
(c) 


(d) 
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(a) 
Fig. 2-4 (a) Response of high- 
pass circuit to a pulse if 
RC/t, > 1; (b) pulse response if 
RC/tp K 1. (b) 


For t > tp, v is given by 
Vo = V(ertlRE — J )_~(t—t,)/ RC 7 (2-5) 


Note the distortion which has resulted from passing a pulse through an RC 
coupling network. There is a tilt to the top of the pulse and an undershoot 
at the end of the pulse. If these distortions are to be minimized, then the 
time constant RC must be very large compared with the width ¢,. However, 
for all values of the ratio RC/t, there must always be an undershoot, and 
the area below the axis will always equal the area above. The equality of areas 
can be verified by direct integration of the waveform in Fig. 2-3d. Because 
the input and output are separated by the blocking capacitor C, the d-c or 
average level of the output signal is zero for this linear circuit. 

If the time constant is very large (RC/t, > 1), there is only a slight tilt 
to the output pulse and the undershoot is very small. However, the negative 
portion decreases very slowly (as indicated in Fig. 2-4a), since its area must 
equal that of the positive portion. If the time constant is very small (RC/é, 
<< 1), the output consists of a positive spike or pip of amplitude V at the 
beginning of the pulse and a negative spike of the same size at the end of the 
pulse, as indicated in Fig. 2-4b. This process of converting pulses into pips 
by means of a circuit of short time constant is called peaking. 


Square-wave Input A waveform which maintains itself at one constant 
level V’ for a time 7; and at another constant level V” for a time T, and which 
is repetitive with a period T = T, + To, as indicated in Fig. 2-5a, is called a 
square wave. We are interested in the steady-state output waveform which 
results if this square wave is impressed on the circuit of Fig. 2-1. 
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First we shall prove that for any periodic input waveform the average level 
of the steady-state output signal from the circuit of Fig. 2-1 is always zero 
independently of the d-c level of the input. The network under consideration 
is governed by the equation 


vn = 2+, (2-6) 


where gq is the igs oad charge. Differentiating Eq. (2-6) gives 


dv; 


- 
wm 5 oe (2-7) 


where 1 = dq/dt is the mesh current. Since v, = iR, this equation is equiv- 
alent to 


dv; _ dv. 


a7 ROT a 28) 

Multiplying by dt and integrating this equation over one period T we obtain 
=. 1 T 

[oR aoe = wT) — (0) = Ze fi" v0 dt + nC) — v6(0) (2-9) 


Under steady-state conditions the output waveform (as well as the input 

signal) is repetitive with a period T', so that v.(T) = v.(0) and v,(T) = »,(0). 
r 

Hence f, v.di =. Since this integral represents the area under the output 


waveform over one cycle, we have indeed verified that the average level of the 
steady-state output signal is always zero. 

An alternative proof of this important principle, based upon a frequency- 
domain analysis, follows. The periodic input signal may be resolved into a 
Fourier series consisting of a constant term and an infinite number of sinusoidal 
components whose frequencies are multiples of f = 1/7. Since the blocking 
capacitor presents infinite impedance to the d-c input voltage, none of this 
d-c component reaches the output under steady-state conditions. Hence, the 
output signal is a sum of sinusoids whose frequencies are multiples of f. This 
waveform is therefore periodic with a fundamental period T but without a 
d-c component. 

With respect to the circuit of Fig. 2-1 we have already established the 
following three points. First, the average level of the output signal is always 
zero independently of the average level of the input. The output must 
consequently extend in both the positive and negative direction with respect 
to the zero-voltage axis, and the area of the part of the waveform above the 
zero axis must equal the area which is below the zero axis. Second, when the 
input changes discontinuously by amount V, the output changes discontinu- 
ously by an equal amount and in the same direction. Third, during any 
finite time interval when the input maintains a constant level, the output 
decays exponentially toward zero voltage. In the limiting case where RC/T, 
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(a) 


(b) 


Fig. 2-5 (a) Square-wave input; (b) output voltage if the time 
constant is very large (compared with 7). The d-c component 
Vac of the output is always zero. Area A, equals area A>. 


and RC/T; are both arbitrarily large in comparison with unity, the output 
waveform will be identical to the input except that the d-c component will be 
lacking. Hence, the square wave of Fig. 2-5a, whose d-c level is different 
from zero, will appear after transmission with an average value zero, as in 
Fig. 2-5b. 

At the other extreme, if RC/T: and RC/T: are both very small in com-~ 
parison with unity, the output will consist of alternate positive and negative 
peaks, as in Fig. 2-6. Observe in this case that the peak-to-peak amplitude 
of the output is twice the peak-to-peak amplitude of the input. 

More generally, the response to a square wave must have the appearance 
shown in Fig. 2-7. The equations from which to determine the four quantities 
V1, Vi, V2, and V3, indicated in Fig. 2-7, are 


Vi = Vien MRC Vi-V2=V (2-10a) 

Vi = Vue RC Vi-Vi=V (2-10b) 

_ A symmetrical square wave is one for which T, = T: = T/2. Because 
of the symmetry, Vi = ~V2and V; = —V;. Under this condition the equa- 


tions in Eq. (2-10a) are identical with those in Eq. (2-10b). Hence, the two 
equations in either line of Eqs. (2-10) suffice to determine the output. We 
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Lh 
T, |. T, 


T 


Fig. 2-6 Peaking of a square wave resulting from a 
time constant small compared with 7. 


find 
V , V 
Y= T+ e-Fiare Vi 1 + etrieRe (2-11) 


For T/2RC <1 these reduce to 


_V T eS Pee 


The exponential portions of the output are now approximately linear, as 
shown in Fig. 2-8. The effect of the coupling network has been to introduce 
a tilt on the waveform. The percentage tilt P is defined by 

Vi-V; 


P= — W793 X 100 ~ 


T 
IRC x 100% (2-13) 


Since the low-frequency 3-dB point is given by f; = 1/2rRC, we have the 


Fig. 2-7 The square- 
wave response of a 
high-pass RC circuit. 
The dashed curve 


= V2 would represent the 
Pe dat output if RC > T. 
Ty T, 


Be OR SE ae oe eo ele One a eee i | a 


1 
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Fig. 2-8 Linear tilt of a square wave 
when RC/T > 1. 


relationship 


Px rf xX 100% (2-14) 


in which f = 1/T is the frequency of the applied square wave. 


2-2 THE HIGH-PASS RC CIRCUIT (EXPONENTIAL 
AND RAMP INPUTS) 


The response of the high-pass RC circuit to an input exponential waveform or to . 
an input voltage which increases linearly with time is now to be considered. 


Exponential Input From the preceding discussion on peaking (see Fig. 
2-6) we are led to conclude that, if the time constant of the circuit is decreased, 
the peaks obtained will be narrower, but the amplitude of the peak will remain 
equal to the discontinuity V of the input square wave. This is true provided 
that the input has vertical sides, an impossibility in a physical waveform. If 
RC is made extremely small, the finite rise time of the input waveform must 
be taken into account. 

Consider a case in which the capacitor is initially uncharged and the 
input waveform rises rapidly but not discontinuously from zero to a level V, 
as shown in Fig. 2-9. Since the initial capacitor voltage is assumed to be zero 
and since the input signal is zero at ¢ = 0, then v.(0) = 0 [see Eq. (2-6)}. It 
follows from Eq. (2-8) that 


dv; fam du, i 
‘ae 7 (Fu K a9) 


Since the initial rates of change of input and output are identical and both 
start from zero, we may anticipate that in the neighborhood of ¢ = 0 the 
output will follow the input quite closely. Furthermore, unless the time 
constant RC is very large in comparison with the time required for v; to attain 
its final value, the capacitor will have acquired appreciable charge in this time. 
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Fig. 2-9 Response of a high-pass RC circuit to an 
exponential input. 


Hence it is apparent from Eq. (2-6) that v, will fall short of attaining the 
voltage V. Eventually, of course, the output must decay exponentially to 
zero. 

The above qualitative discussion will now be made quantitative by con- 
sidering an exponential input waveform given by 


%= VA — et) (2-16) 


Equation (2-8) then becomes 


-tir — ve dv, " 
eset a 217) 
Defining x and n by 
L= f and n= me (2-18) 


T 


the solution of Eq. (2-17), subject to the condition that initially the capacitor 
voltage is zero, is given by 


Vn 


n-1 


Uo = (e-#/" — €*) (2-19) 


Sec. 2-2 LINEAR WAVE SHAPING / 37 


if n # 1 and by 
Vo = Vaue* (2-20) 


ifn = 1. These equations are plotted in Fig. 2-9, and it is seen that they 
have the shape predicted above. Note that if RC is much greater than 
7(n >> 1), the second term of Eq. (2-19) is negligible compared with the first 
except for very small values of time. Then 


Vn 
n-1 


en2ln we Ve tiRC (2-21) 


Vo = 


This equation agrees with the way the circuit should behave for an ideal 
step voltage. Near the origin of time the output follows the input. Also, 
the smaller the circuit time constant, the smaller will be the output peak. For 
example, if RC just equals the time constant of the input wave (n = 1), the 
peak output will be only 37 percent of the peak input, but a very narrow pulse 
will result, as shown in Fig. 2-9. The larger RC is (relative to r), the larger 
will be the peak output but also the wider will be the pulse. A value of RC is 
chosen to give the best compromise between these two conflicting characteris- 
tics for the particular application at hand. The choice is seldom critical. 


Ramp Input A waveform which is zero for t < 0 and which increases 
linearly with time for t > 0, v = at, is called a ramp or sweep voltage. Sucha . 
waveform is indicated as the “input’’ in Fig. 2-10a. If this waveform is 
applied to the circuit of Fig. 2-1, the output is governed by Eq. (2-8), which 
becomes 

Vo dv, 
“= RO + Gi 


This equation has the solution, for ». = 0 at ¢ = 0, 
vo = aRC(1 — eRe) (2-22) 


For times ¢ which are very small in comparison with RC, we may replace 
the exponential in Eq. (2-22) by a series with the result 


t 
eae: (1 =sipt- ‘) (2-23) 


The output signal falls away slightly from the input, as shown in Fig. 2-10a. 
As a measure of the departure from linearity, let us define the transmission 
error e, as the difference between input and output divided by the input. The 
error at a time ¢ = T is then 


= ——— — © oan = wil (2-24) 
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(a) Fig. 2-10 (a) Response of a high- 
pass RC circuit to a ramp voltage 
for RC/T > 1; (b) response toa 
ramp voltage for RC/T <1. 


(0) 


where f; = 1/2rRC is again the low-frequency 3-dB point. For example, 
if we desire to pass a 2-msec sweep with less than 0.1 percent deviation from 
linearity, the above equation yields 


fi < 0.16 Hat or RC > 1 sec 


For large values of t in comparison with RC, the output approaches the con- 
stant value aRC, as indicated in Fig. 2-10b and Eq. (2-22). 


2-3 THE HIGH~PASS RC CIRCUIT AS A DIFFERENTIATOR 


If, in Fig. 2-1, the time constant is very small in comparison with the time 
required for the input signal to make an appreciable change, the circuit is called 
a differentiator. This name arises from the fact that under these circum- 
stances the voltage drop across R will be very small in comparison with the 
drop across C. Hence we may consider that the total input v; appears across C,, 
so that the current is determined entirely by the capacitance. Then the: 
current is C dv,/di, and the output signal across RF is 


Hence the output is proportional to the derivative of the input. 

The derivative of a square wave is a waveform which is uniformly zero 
except at the points of discontinuity. At these points, precise differentiation 
would yield impulses of infinite amplitude, zero width, and alternating polarity. 
Referring to Fig. 2-6, we see that the RC differentiator provides, in the limit 


} Hz = hertz = cycles per second. kHz = kilohertz. MHz = megahertz = mega- 
cycles per second. 
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of a very small time constant, a waveform which is correct except for the fact 
that the amplitude of the peaks never exceeds V. We may expect such an 
error since, at the time of the discontinuity, the voltage across F is not negligi- 
ble compared with that across C. 

For the ramp »; = at, the value of RC dv,/dtisaRC. This result is verified 
in Fig. 2-10b except near the origin. The output approaches the proper 
derivative value only after a time has passed corresponding to several time 
constants. The error near ¢ = 0 is again due to the fact that in this region 
the voltage across R is not negligible compared with that across C. 

If we assume that the leading edge of a pulse can be approximated by a 
ramp, then we can measure the rate of rise of the pulse by using a differentiator. 
The peak output is measured on an oscilloscope, and from Fig. 2-10b we see 
-that this voltage divided by the product RC gives the slope a. If R and C 
are not given to the desired accuracy, then the system must be calibrated 
by using a pulse of known rate of rise. 

It is interesting to obtain a criterion for good differentiation in terms of 
steady-state sinusoidal analysis. If a sine wave is applied to the circuit of 
Fig. 2-1, the output will be a sine wave shifted by a leading angle @ such that 

Xe_ 1 


tan 9 = R = oRC (2-25) 


and the output will be proportional to sin (wi + 6). In order to have true 
differentiation we must obtain cos wt. In other words, @ must equal 90°. 
This result can be obtained only if R = OorC = 0. However, if wRC = 0.01, 
then 1/wCR = 100 and @ = 89.4°, which is sufficiently close to 90° for most 
purposes. If wRC = 0.1, then @ = 84.3°, and for some applications this may 
be close enough to 90°. 

If the peak value of the input is V,,, the output is 


Vink 


VRPT ance i ot +) 


and if w&RC «1, then the output is approximately VnwRC cos wt. This result 
agrees with the expected value, RC dv;/dt. If wRC = 0.01, then the output 
amplitude is 0.01 times the input amplitude. 

Since it has been demonstrated that the output will be a small fraction 
of the input if the differentiation is satisfactory, then the output will frequently 
have to be followed by a high-gain amplifier. Any drift in amplifier gain will 
affect the level of the signal, and amplifier nonlinearity may affect the accuracy 
of differentiation. These difficulties are avoided by using the operational 
differentiator discussed in Sec. 1-8. This feedback amplifier does not suffer 
from the drifts just mentioned, the stability depending principally upon the 
constancy of R and C. 

The operational-amplifier equivalent circuit for a differentiator is a 
capacitor C' in series with a resistor R/(1 — A), where A is the gain. The 
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phase-shift angle @ between output and input for a frequency w is given by 


ane= ee (2-26) 


Comparing Eq. (2-26) with Eq. (2-25), we see that for the same values of 
R and C the frequency range of proper differentiation for the operational 
amplifier is (1 — A) times that of the simple RC circuit and the output voltage 
has essentially the same magnitude for both circuits. 

If the RC product for the operational amplifier is (1 — A) times that 
of the simple circuit, then the output from the former will be (1 — A) times that 
of the latter, whereas the quality of the differentiation is the same for both. 
The same result can be obtained by following the simple RC circuit by an 
amplifier of gain (1 — A), but, as already emphasized, this arrangement will 
not have the stability and linearity of the operational system. 

These considerations with respect to the conditions required for differen- 
tiation of sinusoidal waveforms suggest an alternative point of view in con- 
nection with the differentiation of an arbitrary waveform. Suppose we resolve 
an arbitrary signal into its Fourier components. If each of the components 
is shifted in phase by 90° and if the amplitude of each component is multiplied 
by a factor proportional to the frequency, then the Fourier series will have been 
effectively differentiated term by term. From this point of view the require- 
ment for good differentiation is that the time constant RC shall be small in 

- comparison with the period of the highest-frequency term of appreciable 
amplitude of the input signal. 


2-4 DOUBLE DIFFERENTIATION 


Figure 2-11 shows two RC coupling networks in cascade separated by an 
amplifier A. It is assumed that the amplifier operates linearly and that its 
output impedance is small relative to the impedance of R, and C2, so that this 
combination does not load the amplifier. Let R, be the parallel combination 
of & and the input impedance of the amplifier. If the time constants RiC; 
and &.C2 are small relative to the period of the input wave, then this circuit 
performs approximately a second-order differentiation. 

If the input is a ramp (v; = at) of long duration, the output v of the invert- 


Fig. 2-11 A rate-of-rise amplifier. 
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Fig. 2-12 Response of a rate-of- 


rise amplifier to a ramp input. 
A = 10, ar = 0.1. 


ing amplifier is the negative of the waveform in Fig. 2-10b and is given by 
[Eq. (2-22)] 


v = —Aari(1 — e-#1) (2-27) 
where A is the magnitude of the amplifier gain and 71 = RiC;. This expo- 


nential input to the R2C. network leads in turn to an output which is, as given 
in Eq. (2-19), 


n 
vo = — Aar, 
nr 


1 (e~2/"» — €-*) (2-28) 
if n #1, where n = 1o/r, ro = RoC2, and x =t/m. Values of —v,/Aari 
are plotted in Fig. 2-9 for values of n equal to 0.1, 1.0, 10, and 100. For 
n = 1, the output is given by 


Vo = — Aarre* (2-29) 


This special case is plotted in Fig. 2-12. It should be noted that a ramp 
voltage has been converted into a pulse. The initial slope of the output wave 
is the initial slope of the input multiplied by the gain of the amplifier. For this 
reason the stage in Fig. 2-11 is called a “rate-of-rise amplifier.”’ For a single 
RC circuit, we demonstrate in Sec. 2-2 that the initial rate of change of output 
equals the initial rate of change of input independently of the time constant. 
Obviously, the same conclusion can be drawn for multiple differentiation. 
A direct check can be made from Eq. (2-28), where we find that at ¢ = 0, 
dv,fat = —Aa. 

As a second illustration of double differentiation consider the exponential 
waveform »; = V(1 — e~‘/*) applied to the circuit of Fig. 2-11. If 


RiCy = RC. = FT 
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Fig. 2-13 Response of a double differentiator to an exponentially 
rising input. The numerical values correspond to an assumed 
amplifier-gain magnitude A = 4 and V = 1, 


the output is found to be 
vo = —AVz (1 = 4) e? (2-30) 


where « = t/r. This result is plotted in Fig. 2-13. The initial slope of », 
is — AV/r since V/r is the initial slope of v;. Also, direct integration shows 
that the output waveform has as much area above the time axis as below, a 
fact of importance in some practical problems, such as in pulse spectrometry.! 


2-5 THE LOW-PASS RC CIRCUIT 


The circuit of Fig. 2-14 passes low frequencies readily, but attenuates high 
frequencies because the reactance of the capacitor C’ decreases with increasing 
frequency. At very high frequencies the capacitor acts as a virtual short 
circuit and the output falls to zero. 

The importance of the basic circuit of Fig. 2-14 results from the fact that 
it may represent the situation which exists very frequently at the terminals 
of a signal source. The terminals of the source are 0-0’. Looking back 
into these terminals we may replace the source by a Thévenin’s equivalent. 
The voltage »; is the open-circuit voltage and R is the output impedance of the 
source, assumed purely resistive. The capacitance C represents all the capaci- 
tance which appears in shunt across 0-0’. This capacitance may arise from 
the wire used to couple terminals 0-0’ to a load or may arise as a result of the 
capacitive component of admittance presented by the load or from stray 
capacitance across the terminals at the signal source itself. The fact is that 
almost invariably when we find ourselves pressed to extend the range of opera- 
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Fig. 2-14 The low-pass RC circuit. 


tion of some electronic circuit to a higher frequency, it is because we have to 
contend with a low-pass RC circuit as shown in Fig: 2-14. 

The network of Fig. 2-14 is identical with that of Fig. 2-1 except for the 
fact that the output is now taken across C instead of across R. Hence, the 
mathematical solution for the low-pass circuit can be obtained from the equa- 
tions in Sec. 2-1. However, the physical behavior of the network of Fig. 2-14 
is so different from that of the high-pass circuit of Fig. 2-1 that we shall give 
detailed consideration to the low-pass configuration. 


Sinusoidal Input If the input voltage v; is sinusoidal, the magnitude of 
the steady-state gain A and the angle 6 by which the output leads the input 
are given by 


ETAL and 6 = — arctan A (2-31) 


where f2 = 1/2rRC. The gain falls to 0.707 of its low-frequency value at the 
frequency fe. Hence, fz is called the upper 3-dB frequency. 


|A| = 


Step-voltage Input The response of the circuit of Fig. 2-14 to a step 
input is exponential with a time constant RC. Since the capacitor voltage 
cannot change instantaneously, the output starts from zero and rises toward - 
the steady-state value V, as shown in Fig. 2-15. The output is given by 
Eq. (2-3), or 


vo = V(L — etre) (2-32) 


Fig. 2-15 Step-voltage response 
of the low-pass RC circuit. The 
rise time ¢, is indicated. 
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Fig. 2-16 Pulse response of the 


vy. = Vier tore low-pass RC circuit. 
‘o™ “p 


The rise time t, is defined as the time it takes the voltage to rise from 
0.1 to 0.9 of its final value. It gives an indication of how fast the circuit can 
respond to a discontinuity in voltage. The time required for »v, to reach one- 
tenth its final value is readily found to be 0.1RC and the time to reach nine- 
tenths its final value is 2.3RC. The difference between these two values is the 
rise time t, of the circuit and is given by 


2.2 _ 0.35 
Qafe te 


Thus, the rise time is proportional to the time constant r and inversely pro- 
portional to the upper 3-dB frequency. 


t, = 2.27 = 2.2RC = (2-33) 


Pulse Input The response to a pulse, for times less than the pulse width 
tp, is the same as that for a step input and is given by Eq. (2-32). At the end 
of the pulse the voltage is V, and the output must decrease to zero from this 
value with a time constant RC, as indicated in Fig. 2-16. Note the waveform 
distortion that has resulted from passing a pulse through a low-pass RC circuit. 
In particular, it should be observed that the output will always extend beyond 
the pulse width ¢,, because whatever charge has accumulated on the capacitor C 
during the pulse cannot leak off instantaneously. 

If it is desired to minimize the distortion, then the rise time must be small 
compared with the pulse width. If f2 is chosen equal to 1/t,, then ¢, = 0.35tp. 
The output is as pictured in Fig. 2-17, which for many applications is a reason- 
able reproduction of the input. We often use the rule of thumb that a pulse 


Fig. 2-17 Pulse response for the case 


k= I/tp. 
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shape will be preserved tf the 3-dB frequency is approximately equal to the recip- 
rocal of the pulse width. Thus, to pass a 0.5-usec pulse reasonably well requires 
a circuit with an upper 3-dB frequency of the order of 2 MHz. 


Square-wave Input Consider a periodic waveform whose instantaneous 
value is constant at V’ with respect to ground for a time 7, and then 
changes abruptly to V” for a time T2, the remainder of the cycle, as indicated 
in Fig. 2-18a. As we have already observed above, a reasonable reproduction 
of the input is obtained if the rise time ¢, is small compared with the pulse 
width. The steady-state response, in this case, is indicated in Fig. 2-18). 

If the time constant RC is comparable with the period of the input square 
wave, the output will have the appearance shown in Fig. 2-18c. The equation 
of the rising portion is determined by the fact that it must be an exponential 


(a) 


(0) 


(c) 


Fig. 2-18 (a) Square-wave input; (b-d) output of the low-pass RC 
circuit. The time constant is smallest for (b) and largest for (d). 
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of time constant RC and that the voltage would rise to the steady-state value 
V’ if the input remained at V’. If V, is the initial value of the output voltage, 
then from Eq. (2-3), 


Vor = V' + (Vi — V’ dent Be (2-34) 
Similarly, the equation for the falling portion is 
Von = V" + (Ve — Vi" de“ @-To/Re (2-35) 


If we set 1 = V2 att = Ti and v2 = V; at t = Ti + T., the two resulting 
equations can be solved for the two unknowns V, and V2. 

If the time constant is very large compared with the period of the input 
square wave, the output consists of exponential sections which are essentially 
linear, as indicated in Fig. 2-18d. 

Since the average voltage across RF is zero (see the discussion on page 32), 
then the d-c voltage at the output is the same as that of the input. This 
average value is indicated as Va.. in all the waveforms of Fig. 2-18. 

Consider a symmetrical square wave with zero average value, so that 
T, = T, = T/2and V' = —V" = V/2. For this case Eqs. (2-34) and (2-35) 
indicate that Vi = —V2, and we find that 

Ver—-1 V 


V2 = 3 &@ +1 = 3 tanh z (2-36) 


where T is the period of the square wave and z = T/4RC. 


2-6 THE LOW-PASS RC CIRCUIT (EXPONENTIAL 
AND RAMP INPUTS) 


The response of the low-pass RC circuit to an input exponential waveform or 
to an input voltage which increases linearly with time is now to be considered. 


Exponential Input For an input of the form in Eq. (2-16), 
vn, = Vi — et) , 


the voltage across the resistor is given by Eq. (2-19) for n #1. Hence, the 
voltage output across the capacitor is the difference between Eq. (2-16) and 
Eq. (2-19). Performing this subtraction, ifn ~ 1, 


v 1 n 

Oe as 4+ ——— e7 — —2zin 

Vo? See n—1° (2-37) 
and if = 1, 

a. (1 + xe? (2-38) 


Vv 
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0 1 2 3 4 5 6 yet 
Tv 


Fig. 2-19 Response of two isolated cascaded low-pass RC 
networks to a step input. 


The parameters x and n are defined by + = t/r and n = RC/r. Equations 
(2-37) and (2-38) give the response when an exponential of rise time t,; (= 2.2r) 
is applied to a circuit of time constant RC (rise time t, = 2.2RC). The 
response, which has a rise time #,, is plotted in Fig. 2-19 for various values of 
n = RC/r = t/t. An identical response results when a step is applied to a 
cascade of two circuits of rise times ¢,1 and t,2, assuming that the second circuit 
does not load the first. Note, from Fig. 2-19, that, as n increases, a progres- 
sively longer time (called the delay time) is required for the response to attain 
50 percent of its final value. 

If two stages whose individual rise times are t,1 and t,2, respectively, are 
cascaded and if the resultant rise time is ¢,, then Fig. 2-20 is a plot of t,/tr1 


tr 
ta 
Fig. 2-20 Relative rise time of two 16 
isolated cascaded low-pass RC 
networks. The ordinate is the rise ** A EE 
time relative to n = 0 or to t. = 0. 
(If t-2 = 0, then 1/n = © and 


br/tr = 1.) Pe ee 
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versus t;1/t,2 = 1/n. An excellent empirical relationship among the rise times 
is 


t, = 1.05 Vt? + t? (2-39) 
or 

z =105VY71l+7n (2-40) 

rl 


The ratio t,/t,, as given in Eq. (2-40) differs from the exact ratio as plotted 
in Fig. 2-20 by not more than 5 percent. 

As an example of the usefulness of Fig. 2-20 consider that a cathode-ray 
oscilloscope of rise time t,2 is being used to observe and measure the rise time 
t,, of an input waveform. (We assume, for simplicity, that an oscilloscope 
may be represented by a single resistance-capacitance network.) From 
Fig. 2-20 we see that if t-2 = t-1 the observed rise time is 53 percent longer than 
the rise time of the input waveform. On the other hand, if ¢,2 is less than $t,1 
the observed rise time differs from the input-signal rise time by less than 
10 percent. Hence an oscilloscope used to make a rise-time measurement 
should have a bandpass at least three times the bandpass of the circuit under 
test. 


Ramp Input For an input of the form v; = at, the voltage vr across the 
resistor is given by Eq. (2-22). The voltage across the capacitor is »; — vg or 


V = a(t — RC) + aRCe RC (2-41) 


If it is desired to transmit the ramp with little distortion, then a small time 
constant must be used relative to the total ramp time T. The output is given 
in Fig. 2-21a, where it is seen that the output follows the input but is delayed 
by one time constant RC from the input (except near the origin where there is 
distortion). The transmission error e, is defined as the difference between 


(a) (0) 


Fig. 2-21 Response of a low-pass RC circuit to a ramp 
voltage. (a) RC/T <1; (b) RC/T> 1. 
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input and output divided by the input att = T. For RC/T <1, we find 


RC 1 
Oy oF = Spe G4) 
where f. is the upper 3-dB frequency. For example, if we desire to pass a 
2-msec sweep with less than 0.1 percent error, the above equation yields 


fo > 80 kHz and RC < 2 usec 


If the time constant is large compared with the sweep duration, RC/T > 1, 
the output is very distorted, as it appears in Fig. 2-21b. By expanding the 
exponential in Eq. (2-41) in a power series in t/RC, we find 

at? 

Vo = ORC (2-43) 

A quadratic response is obtained for a linear input, and hence the circuit acts 
as an integrator. 


2-7 THE LOW-PASS RC CIRCUIT AS AN INTEGRATOR 


If, in Fig. 2-14, the time constant is very large in comparison with the time 
required for the input signal to make an appreciable change, the circuit is called 
an integrator. This name arises from the fact that under these circumstances 
the voltage drop across C will be very small in comparison to the drop across R 
and we may consider that the total input »; appears across R. Then the cur- 
rent is v;/R and the output signal across C is 


=a [id= Ho [vat (2-44) 


Hence the output is proportional to the integral of the input. 

If »; = at, the result is at?/2RC, as given by Eq. (2-43). As time increases, 
the drop across‘C will not remain negligible compared with that across R and 
the output will not remain the integral of the input. As a matter of fact, 
Fig. 2-21a shows that the output will change from a quadratic to a linear 
function of time. 

The integral of a constant is a linear function, and this agrees with the 
curves of Fig. 2-18d which correspond to RC/T > 1. As the value of RC/T 
decreases, the departure from true integration increases, as indicated in Fig. 
2-18c and b. 

These examples show that the integrator must be used cautiously. We 
can obtain a criterion for good integration in terms of steady-state analysis by 
proceeding as in Sec. 2-3. If we define satisfactory integration as meaning 
that an input sinusoid has been shifted at least 89.4° (instead of the true value 
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of 90°), then it is necessary that 
RC > 15T 


where T is the period of the sine wave. 

Since the output is a small fraction of the input (because of the factor 
1/RC), amplification may be necessary. For the reasons given in Sec. 2-3, 
an operational amplifier may possibly be used to advantage. 

Integrators are almost invariably preferred over differentiators in analog- 
computer applications for the following reasons. Since the gain of an inte- 
grator decreases with frequency whereas the gain of a differentiator increases 
nominally linearly with frequency, it is easier to stabilize the former than the 
latter with respect to spurious oscillations. Asa result of its limited bandwidth 
an integrator is less sensitive to noise voltages than a differentiator. Further, 
if the input waveform changes very rapidly, the amplifier of a differentiator 
may overload. Finally, as a matter of practice, it is more convenient to 
introduce initial conditions in an integrator. — 


2-8 ATTENUATORS 


We consider now the simple resistance attenuator which is used to reduce the 
amplitude of a signal waveform. We shall find the conditions under which it is 
possible to ensure no distortion even if shunt capacitance is taken into consider- 
ation. Also, we shall investigate the types of response which are obtained 
with a step voltage input if the circuit is improperly adjusted. 

The simple resistor combination of Fig. 2-22a would multiply the input 
signal by the ratio a = R2/(R, + R2) independently of the frequency, were 
it not for the inevitable stray capacitance C2 which shunts R,. The capaci- 
tance C2 may be, for example, the input capacitance of a stage of amplification. 
Using Thévenin’s theorem, the circuit in Fig. 2-22a may be replaced by its 
_ equivalent in Fig. 2-22b, in which R is equal to the parallel combination of R 
and R2. We ordinarily want both R, and Rz to be large so that the nominal 
input impedance of the attenuator may be large enough to prevent loading 
down the input signal. If, say, 


Ri = Rk2=1M and Cz = 15 pF 


then the rise time in Fig. 2-22b is2.2 * 0.5 X 15 usec = 16.5 usec. So largea 
rise time is ordinarily entirely unacceptable. 

The attenuator may be compensated, so that its attenuation is once again 
independent of the frequency, by shunting R, by a capacitance C,, as indi- 
cated in Fig. 2-22c. The circuit has been redrawn in Fig. 2-22d to suggest 
that the two resistors and the two capacitors may be viewed as the four arms 
of a bridge. If RiCi = R2C2, the bridge will be balanced, and no current 
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(d) 


Fig. 2-22 An attenuator. (a) Actual circuit; (b) equivalent circuit; (c) 
compensated attenuator; (d) compensated attenuator redrawn as a bridge. 


will flow in the branch connecting the point X to the point Y. For the purpose 
of computing the output, the branch X-Y may be omitted and the output is 
again equal to av; independently of the frequency. In practice, C; will ordi-- 
narily have to be made adjustable, and the final adjustment for compensation is 
made experimentally by the method of square-wave testing. This procedure 
is necessary because the compensation is critically dependent on the condition 
RiC, = R.C, being satisfied precisely. 

Let us consider the appearance of the output signal for a step-voltage 
input of magnitude V, if the compensation is incorrect. Inasmuch as the 
input changes abruptly by V at ¢ = 0 then the voltages across C; and C2 
must also change discontinuously. On page 29 we demonstrated that the 
voltage across a capacitor cannot change instantaneously if the current remains 
finite. Hence, we are led to the conclusion that an impulsive current must 
flow in the circuit of Fig. 2-22c. An infinite current exists at t = 0 for an 


infinitesimal time, so that a finite charge q = fr i dt is delivered to each 
capacitor. At ¢ = 0+, Kirchhoff’s voltage law yields 


_ (2+ Cia 


= fea 
V= C + C; CiCs (2-45) 
or the output voltage at t = 0+ is 
ei ete SON. 2-46 
(0+) = G46." (2-46) 
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The initial output voltage is determined by the capacitors because they 
behave like short circuits for an instantaneous change. The final output 
voltage is determined by the resistors (because a capacitor acts as an open 
circuit under steady-state conditions for an applied d-c voltage). Hence, 


a eg (2-47) 


Looking back from the output terminals (with the input short-circuited) 
we see a resistor R = R,R2/(R, + R.) in parallel with C = C,+ C2. Hence, 
the decay of the output from initial to final value takes place exponentially 
with a time constants = RC. The responses of an attenuator for C’, equal to, 
greater than, and less than C2R2/R, are indicated in Fig. 2-23. Note that 
perfect compensation is obtained ifv.(0+) = v( ©) or from Eqs. (2-46) and (2-47) 


Op as 
C+G,  Ri+R 


4 


This equation is equivalent to 
RiC, = RC, (2-48) 


which is the balanced-bridge condition obtained above for perfect compensa- 
tion. It is also interesting to note that the extreme values of »,(0+) are 0 
for C; = Oand V forC, = ~. 

In practice we certainly cannot obtain infinite current. The reason we are 
led to the physically impossible impulsive response in the above analysis is 
that we have implicitly assumed a generator with zero source impedance. We 
shall now remove this restriction and show that even though the attenuator 


Eompacentes ya (ee) GV wp(o0) =2V 


(a) (6) 


Fig. 2-23 Response of an attenuator toa stepinput. ForC, = CoR2/Ri = Cy 
the compensation is perfect and the output is a step of magnitude aV = 
R.V/(Ri + R2). (a) Overcompensation, Ci > Cy; (b) undercompensation, 
C1 < C). 


Sec. 2-8 LINEAR WAVE SHAPING / 53 


(0) 


Fig. 2-24 (a) Compensated attenuator including impedance of source R,; 
(b) equivalent circuit: v, = (Ri + R.)V/(Ri + Ro + R,). 


is compensated, the ideal step response can no longer be obtained. Neverthe- 
less, an improvement in rise time does result if a compensated attenuator is 
used. For example, if the output is one-tenth the input, then the rise time 
of the output using the attenuator is one-tenth what it would be without the 
attenuator. 

The compensated attenuator will reproduce faithfully the signal which 
appears at its input terminals. However, if the output impedance of the 
generator driving the attenuator is not zero, the signal will be distorted right 
at the input to the attenuator. This situation is illustrated in Fig. 2-24a, in 
which a generator of a step voltage V and of source resistance R, is connected 
to the attenuator. Since, as was noted earlier, the lead which joins point X 
to point Y may be open-circuited, the circuit in Fig. 2-24a may be redrawn 
as in Fig. 2-24b. If R, «K Ri + R2, as is usually the case, the input to the 
attenuator will be an exponential of time constant R,C’, in which C’ is the 
capacitance of the series combination of C, and C2 or C’ = CiC2/(C1 + C2). 
It is this exponential waveform rather than the step which the attenuator will 
transmit faithfully. 

If the generator terminals were connected to the terminals to which 
the attenuator output is connected, the generator would see a capacitance C2. 
In this case the waveform at these terminals would be an exponential with time 
constant + = R.C> When the attenuator is used, the time constant is 
7’ = RC’. Since r’/r = C’/C2 = C1/(C1 + C2) = a, an improvement in 
waveform results. For example, if the attenuation is equal to 10 (a = 75), then 
the rise time of the waveform will have been divided by a factor of 10. If 
we are able to afford a loss of signal level, this reduction of input capacitance 
may be used to advantage. 

As an example of such an application, consider the problem associated 
with connecting the input terminals of an oscilloscope to a signal point in a 
circuit. If the point at which the signal is available is some distance from the 
oscilloscope terminals, and particularly if the signal appears at a high imped- 
ance level, we shall want to use shielded cable to connect the signal to the 
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Access hole to 
[ aiinstable capacitor 


Insulator 
To waveform 
Shielded cable circuit 
(coaxial) 


R; 


Metal shield 


Fig. 2-25 A cathode-ray-oscilloscope probe. (Not drawn to scale: the 
metal shield encasing R, and C; is a few inches long, whereas the coaxial 
cable is a few feet long.) 


oscilloscope. The shielding is necessary in this case to isolate the input lead 
from stray fields such as those of the ever-present power line. The capacitance 
seen looking into several feet of cable may be as high as 100 to 150 pF. This 
combination of high input capacitance together with the high output imped- 
ance (say, resistive) of the signal source will make it impossible to make 
faithful observations of fast waveforms. A “probe” assembly which permits 
the use of shielded cable and still keeps the capacitance low is indicated in 
Fig. 2-25. Typically, the attenuation introduced through use of the probe 
assembly is 10 or 20 and the input capacitance to the probe assembly is about 
20 or 10 pF, respectively. There are also units commercially available at 
present which consist of a probe assembly with an attenuation of 100 followed 
by an amplifier of gain 100. The overall gain is 1, but the probe input capaci- 
tance may be as little as 2 or 3 pF. 

The problem of providing continuously variable attenuation is not so 
easily solved. In this case the resistors R: and R2 must be replaced by a 
“potentiometer,” and since the required compensating capacitance depends on 
the setting of the attenuator, the only practicable thing to do is to leave the 
attenuator uncompensated. The bandpass is then a minimum when the 
potentiometer is set at its electrical midpoint and is given by 


(fe) min = = (2-49) 


in which R is the total potentiometer resistance and C the total shunt capaci- 
tance between the potentiometer arm and ground. If, say, C = 20 pF and 
(f2)min is to be 10 MHz, R = 3K. The conflict between the necessary high 
potentiometer resistance to avoid loading down the signal source and the 
equally necessary low potentiometer resistance to maintain the bandpass 
suggests the use of a cathode follower with the potentiometer in the cathode 
circuit or an emitter follower with the potentiometer in the emitter leg. 
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2-9 RL CIRCUITS 


Suppose the capacitor C and resistor R of the preceding sections in this chapter 
are replaced by a resistor R’ and an inductor L, respectively. Then if the time 
constant L/R’ equals the time constant RC, all the preceding results remain 
unchanged. 

The inductor is seldom used if a large time constant is called for because 
a large value of inductance can be obtained only with an iron-core inductor 
which is physically large, heavy, and expensive relative to the cost of a capaci- 
tor for a similar application. Such an inductor will be shunted with a large 
amount of stray distributed capacitance. Furthermore, the nonlinear proper- 
ties of the iron cause distortion, which may be undesirable. If it is required 
to pass a very low frequency through a circuit in which L is a shunt element, 
then the inductor may become prohibitively large. For example, with a 
lower 3-dB frequency of 10 Hz and for R’ = 100 K, the inductance required is 
1,600 H. Of course, in circuits where a small value of R’ is tolerable, then a 
more reasonable value of inductance may be used. 

The small, inexpensive, air-core inductor is used in low-time-constant 
applications. Figure 2-26a shows how a square wave may be converted into 
pulses by means of the peaking coil ZL. It is assumed that the bias voltage 
and the magnitude of the input are such that the tube operates linearly. The 
equivalent circuit is as indicated in Fig. 2-26b. The open-circuit voltage gain is 
the amplification factor 4 of the tube and the output impedance R is the plate 
resistance r, of the triode. 

Since the instantaneous voltage L di/dt across an inductor cannot be 
infinite, the current through an inductor cannot change discontinuously. Hence, 
an inductor acts as an open circuit at the time of an abrupt change in voltage. 
For a vacuum tube, with the output open-circuited, the change in plate voltage 
equals » times the grid-voltage change.- Hence, as indicated in Fig. 2-27, the 
peak of the output pulse (measured with respect to the quiescent voltage V pp) 
equals u.V, where V is the jump in voltage of the input signal (the peak-to-peak 


Fig. 2-26 (a) Peaking circuit using an inductor; 
(b) linear equivalent circuit. 
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Fig. 2-27. Input v; and output v, for 
the circuit of Fig. 2-26, with R = rp. 
It is assumed that the time constant 
L/R is much smaller than either 7, 

or T2. 


voltage of the square wave). The output voltage falls or rises exponentially 
with a time constant L/R toward V pp. 

A peaking coil may also be used in the collector circuit of a transis- 
tor.to obtain pulses. If the base input is a square wave of ‘current whose 
peak-to-peak value is J, then the output voltage has the same waveform 
as in Fig. 2-27b. The peak voltage is now hyel/hoe and the time constant 
is h.., assuming that the transistor can be represented by its low-frequency 
hybrid-paraimeter model of Fig. 1-3b. 

The rate-of-rise amplifier of Fig. 2-11 often uses a peaking inductor in the 
output circuit instead of the R2C:2 differentiating combination shown. 

The situation where the square wave is large enough to cut the triode off, 
so that the circuit acts in a nonlinear manner, is considered in Sec. 8-10, where 
it will be found that the negative peaks are of smaller magnitude than the 
positive ones. 


2-10 RLC CIRCUITS 


In Fig. 2-26 there should be indicated a capacitor C across the output to 
include the effect of coil winding capacitance, output capacitance, and stray 
wiring capacitance to ground. This capacitance will modify the results of 
Sec. 2-9, as we shall now show. 

Figure 2-28 shows a signal v, applied through a resistor & to a parallel LC 


Sec. 2-10 LINEAR WAVE SHAPING / 57 


circuit. From the differential equations for this network, and assuming a 
solution in the form e¢‘, we find for the roots s of the characteristic equation? 
(or for the poles of the transfer function) 


1 1 \ 1 |} 
°= — aro + | (sea) fm ze ay 
Let us introduce the damping constant k and the resonant or undamped period 
T., defined by 


_ 1 jb = eat 
k= om ae and = T, = 2n WLC (2-51) 
in which case Eq. (2-50) can be put in the form 
2rk .2 . 
e= — 7p tie — eM (2-52) 


If k = 0, we see that the roots are purely imaginary, +j2x/T., and hence 
that the response is an undamped sinusoid of period T,. If k = 1, the two 
roots are equal, corresponding to the critically damped case. If k > 1, there 
are no oscillations in the output, and the response is said to be overdamped. 
If & < 1, the output will be a sinusoid whose amplitude decays with time, and 
the response is said to be underdamped. 

The damping factor is inversely proportional to the Q of the circuit con- 
sisting of a parallel combination of R, L, and C. Thus 


7 _2mRC_ RC _, [@_1 
Qu are = RC BC Lp (Cd 


If the input to Fig. 2-28 is a step voltage V and if the initial current 
through the inductor is zero and the initial voltage across the capacitor is zero, the 
response is given by the following equations, in which x = ¢/T\: 


Critical Damping, k = 1 For the case of critical damping, we have 


? = dare? (2-53) 


If use is made of Eqs. (2-51), with k = 1, Eq. (2-53) can be put in the equiv- 
alent form 


= ont e-2RUL (2-54) 


xe 


Fig. 2-28 A signal »; is applied through a 
resistor R to a parallel LC circuit. 
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k=oo 


(no capacitor) 


0 0.5 10 15 2.0 25 3.0 Rt 
L 


Fig. 2-29 Response of the circuit of Fig. 2-28 for the critically 
damped and overdamped cases for a fixed value of R and 
.L. The parameter k is related to the capacitance C 

by k = (1/2R) /L/C. 


Overdamped, k > 1 In the overdamped case, it is convenient to rewrite 
Kq. (2-52) as 
Qrk | Ik 1 
—p tpg 


If we apply the binomial expansion to the radical and assume that k is large 
enough so that 4k? >>1, we find for s the approximate values —«/T.k and 
—4rk/T,. Subject to this restriction on the size of k, the response is 


s= 


3 ee ectalk — endrke (2-55) 


The first term is less than 1 everywhere except at zc = 0. The second term 
is equal to the first term raised to the power 4k?. Hence, the second term is 
negligible compared with the first except near the origin. Thus Eq. (2-55) 
can be approximated by , 


7 we eotelk = g-tthhT, — @—RtIL (2-56) 


in which we have made use of Eqs. (2-51). This result shows that the response 
approaches that for the zero-capacitance case (Fig. 2-26) as k becomes much 
greater than unity. Physically, this is just what we should expect, because 
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Eqs. (2-51) show that a large value of k means a small value of C for a given 
value of R and L. 

Since the voltage across the capacitor cannot change instantaneously, 
Eq. (2-56) is in error at ¢ = 0 and the more correct equation (2-55) must be 
used near the origin. The outputs for k = 3 and k = 1 are compared with 
that fork = © (C = 0) in Fig. 2-29. 


Underdamped, k < 1 In the underdamped case, we have 


? = rae ete gin In V/1 — KP x (2-57) 
where, as above, x = t/T,. The damped period is seen to be T,/(1 — k2)4 
and hence is larger than the free period T,. 

Assume an amplifier with a coil in the output circuit so that L and C are 
fixed, but also assume that the damping can be varied by adjusting FR. The 
response for several values of k is given in Fig. 2-30. The curves for k less 


k=oo (R=0) 


Fig. 2-30 Response of the circuit of Fig. 2-28 for fixed Land C. The 
parameter k is related to the resistance R by k = (1/2R) V/L/C. 
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(a) (0) 


Fig. 2-31 (a) The circuit of Fig. 2-28 modified by the inclusion of a damping 
resistor R2; (b) the equivalent circuit. 


than unity are given by Eq. (2-57). The curve for k = 1 is plotted from 
Eq. (2-53) and the curve for k = 3 is given by Eq. (2-55). Fork = »,R=0 
and the output equals the input as indicated. From Fig. 2-28 we note that 
the smaller the value of R the larger must be the source current. Note that 
if the damping factor k is adjusted to be somewhat less than unity an excellent 
peaking circuit results. 

For a fixed L and C the damping may be increased by shunting the LC 
combination with an additional resistor, as indicated in Fig. 2-3la. If the 
circuit to the left of points P and N in this figure is replaced by its Thévenin’s 
equivalent, the result is as in Fig. 2-315. The resistor R represents R, and R, 
in parallel, and a is the amplification factor. Specifically, 


Ro 
R,+ Re 
Comparing Fig. 2-31b with Fig. 2-28, we see that the results obtained for the 


latter circuit are also valid for the former, provided that we multiply the output 
by the factor a. 


= o> and a= (2-58) 


2-11 RINGING CIRCUIT 


In Sec. 2-10 we show that to obtain a pulse from a step voltage (peaking) the 
circuit should operate in the neighborhood of critical damping. In this 
section we are interested in having as nearly undamped oscillations as possible. 
Such a circuit is called a ringing circuit. If k is small, the circuit will ring for 
many cycles. It is often of interest to know the value required of the Q of a 
circuit which is to ring for a given number N of cycles before the amplitude 
decreases to 1/e of its initial value. From Eq. (2-57) we see that this decre- 
ment results when 2akx = 1. Since x = t/T, = NT./T, = N andk = 1/2Q, 
we have 


Q=1N (2-59) 


Thus a circuit with Q = 12 will ring for Q/ ~ 4 cycles before the amplitude 
of the oscillation decreases to 37 percent of its initial value. 
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Fig. 2-32 Ringing circuit with capacitor ini- 
tially uncharged and with an initial inductor 
‘current J. 


If the parallel LC combination is in series with a tube or transistor and 
if the active device is cut off by means of a step voltage, then R, of Fig. 2-31a is 
effectively infinite. The equivalent circuit is given in Fig. 2-32. For maxi- 
mum ringing, no shunting resistor is added and FR represents an effective 
resistor to account for the losses in the coil. The current J is the quiescent 
current in the inductor before the step voltage is applied. 

Outwardly, the circuits of Figs. 2-28 and 2-32 appear quite different. 
When, however, the input to Fig. 2-28 is taken to be a step of amplitude V, 
the output of the two circuits can be shown to be identical, provided only 
that the initial inductor current J of Fig. 2-32 is taken to be V/R. The two 
circuits have the same characteristic roots given in Eq. (2-50). And, under 
the circumstance that V = IR, the conditions that apply in both cases to the 
output voltage are that at ¢ = 0, », = 0 and dv,/dt = I/C. Hence, provided 
that we make the replacement of V for JR, all the equations from (2-53) to 
(2-57) apply equally well to the circuit of Fig. 2-32. 

If the damping is small enough the response approaches an undamped 
sine wave. We can easily find the amplitude of oscillation if we remember that 
the initial magnetic energy stored in the inductor is converted into electric 
energy in the capacitor at the end of one-quarter cycle. Thus 


4LI? = 4CV?2,,, or Vinx = I ve (2-60) 

A ringing circuit may be used to generate a sequence of pulses regularly 
spaced in time. We shall see later how to obtain a pulse each time a sine wave 
crosses the zero axis in the positive direction. The sequence starts when the 
device delivering the current J is cut off. These pulses find application in 
many timing operations. 

If a pulse is applied to an active device which feeds a ringing LC combina- 
tion, then at the end of the pulse there may be a voltage V, across C as well as 
acurrent J through L. The possible responses of the circuit at the end of the 
pulse subject to these initial conditions are discussed in Appendix A. 


2-12 MEASUREMENT OF INDUCTANCE AND CAPACITANCE 
THROUGH CIRCUIT STEP RESPONSE 


If a generator of output impedance # furnishes the voltage v = V(1 — «“) 
to an inductor of inductance L, the voltage v, across the inductor is given 
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Step generator Capacitor U 4 
r 4 


pron 4 


(6) 


Fig. 2-33 A method for measuring the stray inductance L associated with a 
capacitance C. (a) The circuit; (b) the output waveform. 


precisely by Eq. (2-19), in which n = (L/R)/r. The waveform of v; is a pulse, 
as shown in Fig. 2-9. The peak value of the pulse umax is caleulated (Prob. 
2-49) to be 


Umax = VnlO-a (2-61) 


If xn <1 then mmx ~ Vn = VL/Rr and the peak value is proportional to 
the value of L. Accordingly, if the pulse is observed on a scope, an unknown 
inductance can be determined provided that the scope has first been calibrated 
by noting the pulse amplitude corresponding to a known value of inductance. 
It is to be noted that the pulse amplitude varies inversely with the time 
constant 7 with which the generator waveform rises. .Therefore this method 
of inductance measurement may be extended to the determination of smaller 
values of inductance as 7 decreases. As an example, consider that V = 10 V, 
R = 500, and r = 1 nsec (corresponding to a generator having a rise time of 
2.2 nsec). Then an inductance of only L = 2.5 nH (n = 0.05) will give rise 
to a pulse of 0.5 V amplitude. 

This method of inductance determination is well suited to the measure- 
ment? of stray or incidental inductance associated with a circuit component 
or device. As an example, in Fig. 2-33a an arrangement is shown by means 
of which we may determine the small inductance that is introduced into a 
circuit by a capacitor C. This inductance is often referred to as the “lead 
inductance”’ of the capacitor and has been represented in Fig. 2-33a by L.. If 
the time constant RC > 7 and if also RC > L/R, the output waveform », will 
appear as in Fig. 2-33b, that is, a pulse superimposed on a linear rise. The 
value of L is determined from ?max, as noted in Fig. 2-33). 

The measurement procedure indicated in Fig. 2-33 requires that all the 
generator current flow through L. Such would not be the case if the connec- 
tion of the scope bridged a capacitance C’ across the output terminals. Of 
course we might simply require that RC’ <L/R. But for L = 2.5 nH and 
R = 50 Q we would require C’ <1 pF, say C’ = 0.1 pF. Scopes with con- 
ventional input connections have input capacitances of the order of 10 pF 
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and would be completely unsuitable. Instead, matched delay-line inputs are 
required, as is discussed in the next chapter. 

These measurement procedures may be adapted to measure not only 
stray inductance but also small incidental capacitances (Prob. 2-51). 
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PULSE TRANSFORMERS 
AND DELAY LINES 


This chapter continues the linear wave-shaping studies of the pre- 
ceding chapter. First we shall consider what happens to a step or 
pulse waveform when it is transmitted through a transformer. In | 
order to make such an analysis it is necessary to obtain a model or 
equivalent circuit of the pulse transformer. The distortions present 
in the output can then be calculated from this equivalent circuit. 

The latter part of the chapter deals with transmission lines. A 
study is made of the waveshapes which are obtained under various 
terminating impedances and input excitations (a step, pulse, etc.). 


3-1 PULSE-TRANSFORMER APPLICATIONS 


Iron-cored transformers are used in the transmission and shaping of 
pulses which range in width from a fraction of a nanosecond to about 
25 usec. Among the extensive applications of pulse transformers are 
the following: 


1. To change the amplitude and impedance level of a pulse 

2. To invert the polarity of a pulse; also to provide, with the 
aid of a center-tapped winding, equal positive and negative pulses 
simultaneously 

3. To produce a pulse in a circuit having negligible d-c resistance 

4. To effect “d-c isolation” between a source and a load; in other 
words, to produce a pulse in a winding whose d-c voltage level may be 
arbitrarily selected 

5. To couple between stages of pulse amplifiers 

6. To differentiate a pulse 

7. To act as a coupling element in certain pulse-generating circuits 
such as the blocking oscillator and the multiar (discussed in Chap. 16) 
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In many instances the functions listed above may be accomplished as 
well or better by transistor or vacuum-tube circuitry. But the transformer, 
being a completely passive circuit element, has none of the instability normally 
associated with tubes and transistors and in addition avoids the inconvenience 
of supplying the voltages required for the operation of these active devices, 


3-2 TRANSFORMER MODELS? 


The schematic diagram for a transformer is indicated in Fig. 3-1. The pri- 
mary inductance is Ly, the secondary inductance is L,, and the mutual induct- 
ance is M. The load resistance is Rz. In this section, we shall ignore the 
primary, secondary, and source resistances and also all capacitances. We 
shall also neglect core loss and the nonlinearity of the magnetic circuit. These 
parameters, however, will be added later to the equivalent circuit. The 
coefficient of coupling K between primary and secondary is defined by 


M 
K = —— 
VIL, 


Under the circumstances specified above, an ideal transformer is one for which 
L, is infinite and K = 1. In this case the output », is an exact replica of the 
input v; and the transformation ration is independent of the load. For the 
ideal transformer, 


Vo Ip L, ON, 

or den ial las ae 
where i, is the primary current, 7, is the secondary current, N, is the primary 
number of turns, and N, is the secondary number of turns. 

An iron-cored transformer, such as a pulse transformer, behaves as a 
reasonable approximation to a perfect transformer when used in connection 
with the fast waveforms it is intended to handle. Insuch a case it is advantageous 
to replace the actual transformer by an ideal transformer together with 
additional circuit components which represent the departure of the real 
transformer from perfection. The reasons this procedure is useful and 
effective appear in Secs. 3-4 and 3-5. There it is shown how to determine 
the magnitudes of the circuit components which give rise to the departure of 
the transformer from ideal operation. These components may be calculated 


Fig. 3-1 Schematic diagram of a trans- 
former including source and load. 


65 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 3-2; 


(a) (6) 


Fig. 3-2 (a) A circuit which is equivalent to that of Fig. 3-1, in which 

an ideal transformer T having a voltage step-up ratio 1/a is introduced. 
(b) The same circuit with the transformer 7 eliminated by reflecting the 
secondary load into the primary. 


from the geometry and mechanical construction of the transformer or measured 
experimentally. Alternatively, if a transformer response is specified, we may 
physically construct a transformer to meet the requirements. 

We shall now show that the circuits of Fig. 3-2 are equivalent to the circuit 
of Fig. 3-1. Figure 3-2a includes an ideal transformer in cascade with a 
configuration of inductors which represent the departure of the actual trans- 
former from perfection. The transformation ratio of the ideal transformer T 
is 1/a = secondary voltage/primary voltage, where « is a number which will 
be specified later. In Fig. 3-2 the load current has been reflected into the 
primary asi,/a. The load resistance Pz, also has been reflected to the primary — 
side in Fig. 3-2b, where it appears as a resistance a2R,. We shall now find the 
values of the parameters o, oz, and L in terms of a, Ly, L,, and M. 

The network of Fig. 3-2b is to be equivalent to the original transformer 
circuit in the sense that both are to draw the same current 2, from the source »; 
and both are to furnish the same current 7, to the load Rz. In the circuit of 
Fig. 3-1 we may write the mesh equations : 


diy di, 


Y= Ly a —M at (3-2a) 
icp tte sep. 
0o= —-M di +L, di + 7,R1 (3-2b) 
The corresponding equations for the circuit of Fig. 3-2b are 
di. d (i, 
v= (61 + L) = Ls (®) (3-3a) 
0 = 12 + (4 L) 2(%) 4 ate, (% (3-30) 
dt 7 dt\a a 


If Eq. (3-3b) is divided by @ and then if Eqs. (3-2) and (3-3) are compared, 


Sec. 3-2 PULSE TRANSFORMERS AND DELAY LINES / 67 


(a) 


Fig. 3-3 The forms of the cir- 

cuit of Fig. 3-2b for three par- 

ticular values of a. 

(a) a = VL5/Lii 

(b) @ = (1/K) VL,/L.; (b) 
(c) a= K VL,/L,. 


(c) 


"or 


L L 

Lp=n+L M== Za (3-4) 
a a 

L=aM o, = L, — aM o, = &L, — aM (3-5) 


We are at liberty to select a. The circuits which result, together with 
the corresponding component values, are shown in Fig. 3-3a, b, and ¢ for the 
choices a = ~/L,/L,, a = (1/K) VL,/L,, and a = K VL,/L,. The results 
shown are calculated directly from Eq. (3-5) combined with the definition 
of the coefficient of coupling K = M/+/L,L,. There are an infinity of allowable 
values which may be selected for a, but the three indicated in Fig. 3-3 are 
those most commonly employed. Note that in Fig. 3-3a, 01 = 02; in Fig. 3-3b, 
o, = 0; and in Fig. 3-3c, o2 = 0. 

In a well-constructed pulse transformer the coefficient of coupling K 
differs from unity by less than 1 percent. Hence 


1 —K?=(1—K)(.+K) = 20 — K) 


And for such a transformer (K = 1), each of the circuits of Fig. 3-3 gives 
very nearly the same value for the total series inductance and the total shunt 
inductance. The total series inductance, called the leakage inductance, equals 
or has the approximate value 


o = 2L,(1 — K) (3-6) 
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and the shunt inductance, called the magnetizing inductance, equals or has the 
approximate value 


LeL, (3-7) 


Further, the transformation ratio 1/a of the ideal transformer equals or has 

the approximate value 1/a ~ WL,/L,. Since from Eq. (3-1) WL,/L, is 

very nearly equal to the ratio n of the number of secondary turns to primary 

turns, we also have that 

1 

oy =n (3-8) 
We shall find the model of Fig. 3-3c most useful for studying the trans- 

mission of pulses through a transformer. This circuit is incomplete because 

we have neglected the capacitance and resistance associated with the device. 

We now introduce these parameters. 


3-3 COMPLETE EQUIVALENT CIRCUIT 


A pulse transformer, like any iron-cored transformer, consists of one or more 
layers of a primary winding on the core and one or more layers of a secondary 
winding wound over the primary. Let us consider a very simple case in which 
the primary consists of a single layer of N, turns wound in solenoidal form 
and the secondary consists also of a single layer separated somewhat from the 
primary but wound concentrically with it. The secondary has N, turns, and 
we shall assume that primary and secondary wire sizes are different so that the 
length of each winding is the same. Now consider that the transformer is 
connected between a source and a load, as in Fig. 3-4. Here we have con- 
nected opposite ends of the primary and secondary windings to a common 
ground. Assuming that the windings are wound in the same direction on the 
core, the transformer must invert the input. With respect to ground the 
output is v, = —(N./Np)u; = —70;. 

There is now a voltage nv; between the bottom ends of the windings. The 
voltage decreases linearly with distance along the windings and equals »; 
at the top end. As a consequence there exists an electric field in the space 
between the windings, and in this space electrostatic energy is being stored. 
The circuit element which stores energy electrostatically is capacitance. 
Therefore we must add to the model of the transformer in Fig. 3-3c a capaci- 


Fig. 3-4 An inverting transformer with 
turns ratio n. 
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Fig. 3-5 The equivalent circuit of a 
transformer, including resistances 
and the total shunt capacitance C. 


tance C' which will give the proper electrostatic energy storage. This addition 
is made in Fig. 3-5. 

We have taken the transformer capacitance into account by including 
a shunt capacitor C which is connected on the load side of the leakage induct- 
ance. Actually the transformer capacitance is a distributed element, and no 
matter what location is selected for a single lumped capacitance, the result 
is an approximate equivalent circuit. A somewhat better approximation 
would result if the capacitance C were split so that a part of it appeared on 
the generator side and a part appeared on the load side of the leakage induct- 
ance. Such a division, however, leads to an equivalent circuit whose extra 
complexity is not warranted, since a single capacitor in the equivalent circuit 
usually gives reasonably good agreement with experimental] results. 

Having decided to use a single lumped-capacitor representation of the 
distributed capacitance, we have located this capacitance at the load end of the 
leakage inductance for the following reasons. First, if C were located on the 
generator side, then if the generator had a nominally zero output impedance 
the effect of this capacitor would disappear—a result which does not agree 
with experimental findings. Second, the external shunt-loading capacitance 
Cy, encountered with a pulse transformer is very frequently heavier on the 
output side of the leakage inductance, and this external capacitance, reflected 
into the primary side as n?C',, may simply be added to the transformer capaci- 
tance. In Fig. 3-5 it is the total effective shunt capacitance that is represented 
by C. 

In Fig. 3-5 we have included as well the resistance R,, which repre- 
sents the sum of the primary winding resistance and the generator imped- 
ance (assumed resistive). The resistance R, represents the combination 
of the load resistance R, and the secondary winding resistance R:, so that 


_ Apt Ry 
Sa 


Re 


Before determining the pulse response of the circuit of Fig. 3-5 we shall, 
in the next two sections, learn how to calculate and measure the inductance 
and capacitance parameters of a transformer. 


3-4 TRANSFORMER INDUCTANCES? 


From the equivalent circuit of Fig. 3-3c it is clear that the magnetizing induct- 
ance is the inductance presented at the input terminals when the secondary 18 open- 
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Fig. 3-6 Aprimary of N, turns is wound on a 
magnetic core of mean magnetic path 
length J. 


- etrcuited. Or, more simply, the magnetizing inductance is the primary wind- 
ing inductance. Similarly the leakage inductance is the inductance presented 
at the terminals of the primary when the secondary is short-circuited. These 
considerations may be used to estimate the magnetizing and leakage inductance 
from the transformer geometry and constructional features. 

The primary inductance L, may be calculated for the simple magnetic 
circuit of Fig. 3-6. If 1 is the mean length of the magnetic path, A the cross- 
sectional area of the core, N, the number of primary turns, and u the magnetic 
permeability, t 


_ HAN;,?® 


L, i 


(3-9) 


In order to see in a typical case how the leakage inductance o depends 
on the geometry, consider the simple geometrical arrangement of Fig. 3-7a, 
where a single-layer secondary is wound over a one-layer primary. We have 
already noted that the secondary must be short-circuited in order to find o. 
For this connection the output voltage is, of course, zero. Hence the net 
flux in the iron is zero, and the primary and secondary ampere-turns must be 
equal and oppositely directed, N,J, = N.J,. Almost all the flux appears 
in the space between the coils. For simplicity, we replace the coils by current 
sheets carrying the current N,J, and N,J, (= N,I»), respectively. A drawing 
of the concentric solenoidal windings is shown in Fig. 3-7b, and the magnetic 
field intensity H between windings is also indicated. The current sheets 
are the same length d (in the direction perpendicular to the current flow) 

' a8 the coils are long. We locate the current sheets at the point midway 
through the thickness of the wires of the coils. The value of H in the region 
between sheets is H = N,I,/d. This result for H is computed by applying 
Ampére’s circuital law to the path indicated in Fig. 3-7b. The energy density 
stored in the magnetic field is given by $uH?. Accordingly the total energy 
W stored is W = $u,H?V, where V is the volume between coils and where 
we have replaced u by ., the permeability of free space because the medium 
between the coils is air. The energy may also be calculated from W = icI,? 
since this magnetic energy (with the secondary shorted) may be considered to 
reside in the leakage inductances. Equating the above two expressions for W, 


TIf the permeability of the iron rélative to free space is wr, then » = wr. where 
uo = 4x KX 10-7 H/m is the permeability of free space. 
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we obtain 


s BoH?V > Ho p? V (3-10) 


where all quantities are expressed in mks units. This calculation indicates 
clearly that ¢ is due to the leakage flux, that is, the flux which links one but 
not both windings. Hence, is essentially independent of the magnetic circuit 
of the transformer, since the leakage flux is almost entirely in air. Note that 
the ratio of magnetizing to leakage inductance Ly/o = wAX?/poV1 is inde- 
pendent of the number of turns and is proportional to the permeability of the 
iron. One of the main reasons for using high-permeability cores in pulse 
transformers is to have a large ratio of magnetizing to leakage inductance. 

The leakage inductance may be measured with a Q meter or an impedance 
bridge provided that the transformer secondary is shorted. Of course, the 
effect of the resistance which is in series with o must be taken into account. 

A second method of determining a is to short the secondary, shunt the 
primary with a capacitance C;, and measure the resonant frequency fi. In 
order to eliminate the effect of the transformer and other unknown external 
capacitances which are in shunt with Ci, the above measurement is repeated 
with a second capacitor C2. If the resonant frequency is now found to be fa, 
we can show that 


oa 


Be. die as, | 
~ (nf f2)2(C2 — Cr) (3-11) 


A simple procedure for measuring the resonant frequencies f; and f, is the 
following: the transformer is placed in series with a tube or transistor and a 
steady current is established in the primary. Then a negative step cuts off 
the active device. The transformer will now ring, and the resonant period 


Socecieee Cireuital path for Neto 
computing H,-~. PrP 
f 


(a) (b) 


Fig. 3-7 (a) A one-layer secondary wound directly over a one- 
layer primary. A cross indicates current into the page, and a 
dot indicates current out of the page. (b) A schematic view 

of the windings considered as current sheets, and the magnetic- 
flux density between windings. 
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ware ce ae Fig. 3-8 The traces of the windings of Fig. 3-7. 


may be measured from the waveform, as observed on a scope. This method 
also allows the simultaneous measurement of the effective losses in the trans- 
former. Thus, as explained in Sec. 2-11, if the amplitude of the waveform 
falls to 1/e of its initial value in N cycles, the Q of the circuit is Nz. 

If the above experiments are repeated with the secondary open-circulted, 
then the magnetizing inductance L, will be measured. 


3-5 TRANSFORMER CAPACITANCES? 


To illustrate how the transformer capacitance C in Fig. 3-5 depends on geo- 
* metrical factors, we calculate C for the simple two-winding transformer repre- 
sented geometrically in Fig. 3-7 whose circuit is given in Fig. 3-4. The trans- 
former is inverting, and opposite ends of each winding are connected. The 
traces in the plane of the paper of the two windings of Fig. 3-7 are shown in 
Fig. 3-8. At the bottom of the windings where x = 0 the voltage between 
windings is nv; and at the top the voltage is », We assume that in between 
the voltage variation is linear with distance. Therefore the voltage between 
windings at a distance zx is 


Vz = [» +(1—n) z| v; (3-12) 


The electric field is H, = V./d. The electrostatic energy stored per cubic 
meter is 4eH,? = 3¢V,"/d?, where ¢ is the dielectric constant} of the medium 
separating the two windings. If S is the mean circumference of the windings 
then the element of volume is Sd dz and the total energy is 


a1 €V,2 
W= f 5 gr Sd de (3-13) 


If V. from Eq. (3-12) is substituted into Eq. (3-13) and the integral is evalu- 


t If the dielectric constant of the medium relative to free space is «,, then € = e€o, 
where «, = (367 X 10°)! F/m is the permittivity of free space. 
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ated, the result is 


Wwe= — (n? + n + 1)? (3-14) 


The voltage across the capacitor C introduced in shunt with the magnetizing 
inductance in Fig. 3-3 is approximately v; because the drop across the leakage 
inductance will normally be smal] in comparison with v;. The energy stored 
in the capacitor C is therefore 3Cv,?._ If this energy is equated to W we find 


Ca Gta +1) ¢ (3-15) 


where C, = «Sd/d. If the separation d between windings is small compared 
with the core thickness, then the two layers may be considered the plates 
of a parallel-plate capacitor whose capacitance is C.. Note that for n = 1, 
C=C. 


3-6 RISE-TIME RESPONSE OF A TRANSFORMER 


The circuit of Fig. 3-5 is represented by a third-order equation whose solution 
would be quite involved. Furthermore, this complete solution would not 
clearly indicate the physical behavior of the circuit. Hence, if the input is a 
pulse, it is advantageous to divide the solution into three parts; the first gives 
the response near the front edge of the pulse, the second gives the response 
during the flat top, and the third gives the response after the termination of the 
pulse. In this section we consider the rise-time response and in the following 
two sections the remainder of the waveform is discussed. 

The response near the front edge of the pulse is given by the high-fre- 
quency equivalent circuit of Fig. 3-9, which is obtained from Fig. 3-5 by 
neglecting the effect of L. (At high frequencies the reactance wL of L is large 
compared with the parallel reactance 1/wC of C.) The magnitude of the input 
step is V. Writing down the differential equations for this network and 
assuming a solution in the form e*, we find for the roots s of the characteristic 
equation (or, equivalently, for the poles of the transfer function) 


= Ry 1 R, 1 2 =< Ri + Re 4 
ar (2 + asc) + (2 + sme) ~“oCRs | ete) 


Let us introduce the amplification factor a, the period T, and the damping 


Fig. 3-9 The approximate equivalent cir- 
cuit used to calculate the rise-time response. 
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constant k, defined by 


= Fs = ; =(%i, 1. Tr i! 
a= Rit R: T = 2x(cCa) k= (2 + a) ie (3-17) 
in which case Eq. (3-16) can be put in the form 
2 .2 
= — RktGRL— hy (3-18) 


If k = 0, we see that the roots are purely imaginary, +j2r/T, and hence the 
response is an undamped sinusoid of period JT. In order for k to approach 
zero, we must have R,-> 0 and R,— o, in which case T = 2x ~/cC is the 
free period of oscillations of the oC circuit. If k = 1, the two roots are equal, 
corresponding to the critically damped case. If k > 1, there are no oscilla- 
tions in the output, and the response is said to be overdamped. If k < 1, the 
response will be a sinusoid whose amplitude decays with time, and the response 
is said to be underdamped. 

If we introduce the parameters x = t/T and y = v,/naV, the response is 
given by the following: 


Critical Damping, k = 1 
y =1-— (1+ Qnrr)e?* (3-19) 


Overdamped, k > 1 


= — _ 4h? ental 1k e tks ea 
eel o geo ae (20) 


If 4k? >> 1, the response may be approximated by 
y = 1 — ecrlk (3-21) 


Underdamped, k < 1 
y=1l— freee: POF sin 2r(1 — k*)#z + cos 2x(1 — od e-2rke = (3-22) 


If the derivative of Eq. (3-22) is set equal to zero, the positions 2, and 
magnitudes ym of the maxima and minima are obtained. The results are 


pe ae 
™ ~ 201 — k)3 


where m is an integer. The maxima occur for odd values of m and the minima 
are obtained for even values of m. By using Eq. (3-23) the waveshape of the 
underdamped output may be sketched very rapidly. 

These responses are plotted in Fig. 3-10 for several values of k. If the 
rise time t, is defined as the time interval required for the output to rise from 
0.1 to 0.9 of its final value, we find, from Eq. (3-19) or Fig. 3-10, that for the 


and = ym = 1 — (—1)™e-*rhen (3-23) 
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Fig. 3-10 The rise-time response of a pulse transformer. 
y =0,/naV and z = t/T. 


critically damped case 
t, = 0.538T = 3.35(¢Ca)! (3-24) 


We note that in order for the output to rise rapidly, the leakage inductance 
and the shunt capacitance must be kept small. The rise time may also be 
reduced by reducing a, but a small value of a will result in a highly attenuated 
output voltage. 

For many applications an overshoot in the output of 5 or 10 percent is 
acceptable. In such a case we may take advantage of the fact that permitting 
the overshoot will reduce the rise time. For example, if k = 0.6, the overshoot 
is 9 percent (see Fig. 3-10) and t, = 0.277, whereas for the critically damped 
case k = 1 and t, = 0.537. Since the value of T is itself a function of k, 
a detailed calculation must be made.in each case before it is possible to state 
what the rise-time improvement will be. As a simple example, however, con- 
sider the situation where R2>> Ri, so that a ~ 1 and T ~ 2x(cC)! is inde- 
pendent of the resistance values. Then if R:2 is increased so that k decreases 
from 1 to 0.6, the rise time will be decreased to (0.27/0.53) X 100 ~ 50 percent 
of what it was for the critically damped case. 

Large step-up ratios are seldom used in pulse transformers, because the 
gain » can be obtained only at the price of increasing the rise time by the 
factor n. This conclusion is easily verified. If the step-up ratio is n, then 
load and interwinding capacitances are multiplied by approximately n? [see 
Eq. (3-15)]. Since the rise time ¢, varies as C? [see Eq. (3-24)], ¢, is proportional 
to n. If, in order to accommodate additional secondary turns, the geometry 
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is modified so that ¢ also increases, then the rise time deteriorates even further. 
Usually n < 10. 


3-7 THE FLAT TOP OF THE PULSE 


The response during the top of the pulse is obtained from the low-frequency 
equivalent circuit of Fig. 3-11a, which is obtained from Fig. 3-5 by neglecting 
the effect of the leakage inductance and shunt capacitance. (At low frequen- 
cies wi, is small compared with 1/wC, and wo is small compared with R.) 
Applying Thévenin’s theorem, we obtain Fig. 3-11b, where a = Ro/(R: + R») 
and R = R,R2/(Ri+ R2). The output is given by 

Vo 


= = @ RHUL ca 
y= me (3-25) 


For values of Ri/L much less than unity, the output is approximated by 


Rt 
=l- Fz (3-26) 
Hence, the top of the output pulse will be tilted downward and the percent 


tilt P is given by 
= * x 100% (3-27) 


where f, is the pulse width. Near the beginning of the pulse there will be 
superimposed upon the linear fall the response pictured in Fig. 3-10. 

We have assumed that the inductance Z is a constant. This assumption 
is valid as long as the iron does not begin to saturate. For a ferrite core dis- 
cussed in Sec. 3-10 the permeability is fairly constant for flux densities B up 
toa maximum B,, which is of the order of 1,500 to 5,000 G (0.15 to 0.5 Wb/m?). 
Saturation occurs if B exceeds the above value Bm. Now 


_ vy e¢ _ aB 
to = N.S = nN,A (3-28) 


where N, is the number of secondary turns, ¢ is the magnetic flux, n is the 


(b) 
Fig. 3-11 (a) The equivalent circuit used to calculate the flat-top 
response of a transformer; (b) modified by Thévenin's theorem. 
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step-up ratio, N, is the number of primary turns, and A is the cross-sectional 
area of the core. Assuming that the top of the pulse is flat and equals naV, 
the flux density at the end of the pulse is 


(3-29) 


In any particular application we must be sure not to saturate the core. For 
example, consider that a pulse generator having an adjustable pulse width 
is applied to a transformer. The output pulse will be a reasonable reproduc- 
tion of the input for small widths. When the input duration exceeds the value 
of tp given by Eq. (3-29) with B = Bn, the output will drop rapidly. This 
behavior follows from the fact that, when the iron saturates, the magnetizing 
inductance drops to a very low value. 

Note that it is the volt-second product which determines the maximum flux 
density. For example, if a given transformer saturates at a pulse width of 
1 sec and an amplitude of 10 V, then doubling the pulse height will cause 
saturation to take place in half the time, or at 0.5 usec. 


3-8 COMPLETE PULSE RESPONSE OF A TRANSFORMER 


The waveform y(t) is the composite of the rise-iime response and the flat-top - 
response, a8 found above. The composite waveform is obtained by first 
plotting the exponential (almost linear) portions at the top of the pulse. Then 
the positive and negative peak overshoots, given by ym — 1 of Eq. (3-23), are 
superimposed upon the exponential. 

The response beyond the pulse width, ¢ > tp, is obtained as follows. A 
pulse may be considered to be the sum of a step of voltage +V whose dis- 
continuity occurs at t = 0 and a step of voltage —V whose discontinuity 
oceurs at t = t, (see Fig. 2-3). Hence, if the transformer response to a step V 
at ¢ = 0 is y(t), then the output fort > t, is y(é) — y(t — tp). For the flat-top 
response, y(t) = ¢~*/E and hence 


eC RUL  g-RG-tIL 


a—- eRtp/L) e—RtiL (3-30) 


y(t) — y(t — b) 


for t > tp. Note that this response is an exponential with the same time 
constant as that of the top of the pulse. For the underdamped case, the 
trailing edge of the output waveform will contain the same high-frequency 
oscillations as are present on the leading edge. These are plotted by locating 
the maxima and minima with respect to the exponential of Eq. (3-30). 

The response of a transformer of typical parameters is computed in the 
following illustrative example and shown in Fig. 3-12. 


1 
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| mapenaambaimmnigninamtracoeuna create TE 
EXAMPLE A pulse transformer has the following parameters: L = 5 mH, 
o = 40 »H, C = 50 pF, 2, = 2002, R: = 2K, n= 1. Find the response to a 
2-ysec 10-V pulse. 


IRS ENO I ACN CER 


Solution For the rise-time response we have, from Eq. (3-17), 


Ry 2,000 
wee 2 0) Sp ag 
“Ri +R; 200 + 2,000 


T = 2nr(oCa)} = 24(40 X 10-6 & 50 X 10712 X 0.909)? = 0.267 usec 


pa (%y 1) _(_ 200 |, 1 2.67 X 10-7 
ov RC) 4x 40 X 10-* © 2 x 103 & 50 & 10-22 Aa 


= 0.318 


Since k < 1, the response is underdamped and is given by Eq. (3-22), namely, 
y=l- st _® sin 2r(1 — k?)4 ud + cos 2r(1 — k*)# . e—irktlT 
(1 — kt T T 


Substituting numerical values into this equation, we obtain 
y = 1 — (0.325 sin 22.3¢ + cos 22.3t) «7-48 


where t is expressed in microseconds. 
From Eqs. (3-23) we find that the maxima and minima occur at 


mT 
tn = ————— = 0.141m 
"2 = kt 
where m = 1, 2,3, . . . , and that the magnitudes at tm are 


Ym = 1 — (~ 1) %e71.01m 
The flat-top response is given by Eq. (3-25), namely, 
Yy = eRIL = ¢-0.0360 =~ 1 — 0.0364E 


where ¢ is expressed in microseconds. The percentage tilt of the top of the pulse is 
3.64¢, = 7.28 percent. : 

At the end of the pulse the response is given by Eq. (3-30), which for the given 
value of the transformer parameters reduces to 


y = (1 — €9-0728) ¢-0.0364 — _ 0.0758 ¢-0.0364 


At ¢ = t+ = 2 usec, a value of y = —0.071 is obtained. 

The complete response (up to ¢ = 6 usec) is sketched in Fig. 3-12. The long 
undershoot for ¢ > t, should be noted. This section of the response will slowly 
approach the zero axis so that the net area under the curve will equal zero, as we 
shall now demonstrate. 
= nencomeoesninenntt nutrient nase tmnt tases 
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Fig. 3-12 The response of the transformer whose parameters are 


given in the illustrative example. v, = 9.09y. 


To show that the area under the plot of Fig. 3-12 is zero we write 
v. = N,d/dt, where ¢ is the total flux in the magnetizing inductor. The total 
area under the output voltage waveform is 


ft = 90 


[onan [> Ba= me re 20 (3-31) 
since ¢ = 0 at t = 0 and at t = ~. This proof does not assume that L is a 
constant. Even if saturation takes place, so that L is not constant, the area 
above the zero axis equals that below the zero axis and hence there is no shift 
in d-c level. However, if the iron core exhibits appreciable hysteresis, so that 
¢ #0 att = o, then the above theorem is not valid. 

The high-frequency oscillations noted in Fig. 3-12 may be reduced to zero 
by increasing the loading on the transformer. Critical damping for the trans- 
former of the above illustrative example is obtained when A: = 4009. This 
result is found by calculating the value of R: for k = 1. The attenuation 
factor is now 


whereas the attenuation factor for R2 = 2 K was 0.909. Thus, the oscillations 
have been removed at the expense of increased attenuation. Also, the output 
will rise somewhat more slowly toward its peak value, The rise time ¢, calcu- 
lated from Eq. (3-24) is 0.122 usec. On the other hand, the tilt will now 
be smaller than it was for R. = 2 K because R = Ria is reduced. With 
R. = 400 Q, the tilt is calculated to be 5.35 percent, which is to be compared 
with the value of 7.28 percent found above for Re = 2 K. 
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It should be emphasized that the output impedance of the pulse generator 
may be different at the termination of the pulse than during the time of the 
pulse. If this condition exists, then a different value of R; must be used when 
calculating the response for ¢ > ¢, than fort < tf). For example, if R,(t > tp) 
is much greater than R(t < t,), then the high-frequency oscillations at the 
trailing edge will be greatly damped. However, even when the pulse is 
terminated by opening a generator switch, in which case o could be omitted, 
at least in Fig. 3-9, oscillations often persist. The reason for this behavior is 
that actually the capacitance is not properly included in the circuit as a lumped 
element, but should really be included as an element continuously distributed 
between the leakage inductance and ground. 


3-9 PULSE-TRANSFORMER GENERAL CONSIDERATIONS 


An ideal transformer, which would introduce none of the pulse distortion 
apparent in Fig. 3-12, would have an infinite Z and zeroc and C. Actually, 
the magnetizing inductance determines the tilt during the pulse and the 
backswing at the end of the pulse. To minimize both tilt and backswing we 
require only, as appears in Eq. (3-27), that L > Rt,. Accordingly, if, say, 
tp = 0.1 usec and R = 200 Q, Ri, = 20 wH and a magnetizing inductance 
L = 1 mH (= 50 X 20 wH) is, for all practical purposes, infinite. 

When a core has been selected, in both material and geometry, we may 
calculate the number of primary turns necessary to realize the required mag-. 
netizing inductance. Thereafter the number of secondary turns will be 
determined from the transformation ratio. The smallest core on which there 
is space available to place the windings is normally selected, and it is well to 
check with the aid of Eq. (3-29) that the core is not saturated at the peak of the 
pulse. 

In a small pulse transformer, the preservation of the pulse shape is more 
important than efficiency of operation. The winding resistances may there- 
fore be permitted to be quite large, often as large as 10 percent of the load or 
generator resistances. Small wire sizes may therefore be used, with a conse- 
quent reduction in capacitances. If the interwinding and interlayer distances 
are kept small, the leakage inductance will be small but the effective capaci- 
tance will increase. The reverse will be true if the interlayer distances are 
large. When the load and generator impedances are high, a large series leakage 
inductance may be much more readily tolerated than a large shunt capacitance. 
In this case the windings may be spaced far apart. If the load and generator 
resistances are very small, a close spacing may be preferred. 

The finite rise time and ringing observed in the transformer response 
result from the leakage inductance o and the capacitance C. Since the num- 
ber of turns on the windings is fixed by the required magnetizing inductance, 
all we may do in connection with o and C is decrease one at the expense of 
increasing the other. There is, however, in principle at least, one remedy 
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Fig. 3-13. A pulse-transformer core is made by wind- 
ing a continuous strip of thin high-permeability alloy. 


that will both minimize o and C and increase L, arbitrarily. This method 
consists in employing a core material whose magnetic permeability is infinite. 
For in such a case, a one-turn primary would provide more than adequate 
magnetizing inductance. And since the turns are minimal we may shrink 
the spacing between “windings” so that o vanishes without introducing an 
appreciable capacitance. Pulse transformers employ as core material such 
alloys as Hipersil (Westinghouse) [u,(max) ~ 12,000] or Permalloy (Western 
Electric) [u,(max) ~ 80,000] or ferrites (Sec. 3-10). 

There is a second reason that great importance is attached to the perme- 
ability of the core. The permeability actually achieved in pulse transformers 
is very much less than the maximum values indicated above. When an abrupt 
step of current is driven through the transformer winding, the magnetic flux 
in the core is initially confined largely to the surface (the ‘‘skin effect’’) because 
of the eddy currents that flow. The effective cross section of the core is 
thereby reduced. As time passes, the flux penetrates deeper into the core 
and eventually becomes uniform. Accordingly, the effective permeability 
of the core increases with increasing pulse duration.! The effective permeabil- 
ity of Hipersil is of the order of 400 for microsecond pulses. In order to reduce 
eddy currents, to minimize both losses and the skin effect, it is important that 
the core be laminated. It has been found that Hipersil and Permalloy can be 
rolled into strips as thin as 2 mils, and cores are often formed by winding a 
continuous strip, as indicated in Fig. 3-13. 


3-10 FERRITE TRANSFORMERS 


Cores molded from a magnetic ceramic such as sintered manganese-zine ferrite 
are now available that are excellent for pulse transformers. The maximum 
permeability of this material is not very great, but its resistivity is at least 
10 million times that of Hipersil or Permalloy. This high resistivity means 
that the skin effect due to eddy currents is very small and an effective perme- 
ability of the order of 1,000 is attained. This value is larger than the effective 
permeability of strip alloys. Also, because of this high resistivity the core 
loss is very small, and a Q of the order of 5 to 15 is obtained at a frequency 
of 1 MHz. One form in which ferrite cores are commercially available is 
shown in Fig. 3-14a. Because of its shape this element is called a ‘‘pot” or 
“cup” core. This type of core lends itself to ‘‘do-it-yourself” transformer 
construction. The windings are placed on a circular nylon or paper bobbin, 
which is then inserted in the core. An end view of the complete core, assem- 
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Fig. 3-14 (a) Three views of a small ferrite pot core. Dimensions 
are in inches. (Courtesy of Ferroxcube Corporation of America.) 
(b) The assembled transformer. 


bled by putting two halves together, is indicated in Fig. 3-14b. The two 
sections are held together with a machine screw through a small hole in the 
center of the core, and the entire assembly is dipped into a hard-setting resin. 
The magnetic circuit thus completely encloses the windings. The primary 
inductance of a core whose dimensions are given in Fig. 3-14 can be calculated 
to be L, = 1.1N,? wH, to within 10 percent. 

The windings in a pot core may be arranged in solenoidal layers as they 
are for a rectangular core or instead may be put side by side in slots in the 
bobbin. In the latter case, the turns pile up radially in the shape of a flat 
disk. For this arrangement the capacitance will be smaller but the leakage 
inductance larger than with the solenoidal winding. 

Ferrite cores are also commercially available in the form of toroids (dough- 
nuts) in very small sizes which make excellent pulse transformers for nano- 
second applications. For example, a transformer is found experimentally 
to have a rise time of 0.5 nsec and a tilt of 10 percent for a 50-nsec pulse if it is 
constructed according to the following specifications: Ferroxcube core, type 3B, 
3C, or 102; outside diameter 0.2 in.; inside diameter 0.1 in.; height of toroid 
0.125 in.; wound with 7 turns each of No. 27 Formvar bifilar wire for the 
primary and secondary. A primary and secondary wound in this manner 
constitute a “transmission-line” pulse transformer, as discussed in Sec. 3-20. 


3-11 ELECTROMAGNETIC DELAY LINES‘4 


Delay lines are passive four-terminal networks which have the property that a 
signal impressed at the input terminals appears at the output terminals at the 
end of a time interval tz, called the delay time. Delays ranging from a few 
nanoseconds to hundreds of microseconds are obtainable with electromagnetic 
lines. 
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Fig. 3-15 A 1.0-usec pulse 
after passing through 1.0 usec 
of HH-2500 delay cable. The 
rise time is 0.08 usec. (Cour- 
tesy of Columbia Technical 
Corporation.) 


If a pulse is applied to a real (nonidealized) line, the signal will not only 
be delayed but will also suffer attenuation and distortion, as indicated in 
Fig. 3-15. In such a line, éz is defined as the time interval between the 
50 percent amplitude points on the rising edge of the incident and delayed 
pulses, The important characteristics of delay lines are the following: the 
time delay, the rise time, the attenuation, the distortion, the characteristic 
impedance, the volume occupied by the line, the maximum voltage that may 
be applied to the line, the stability of delay with temperature and time, the 
ease and accuracy of adjusting the delay, and, finally, the cost. 

The applications of delay lines are numerous. For example, a cathode-ray 
oscilloscope which is to be used for observing fast waveforms has a built-in 
delay line so that the input signal which also triggers the sweep is delayed 
slightly before being applied to the vertical-deflection circuit. If the sweep 
- were not allowed to start before the signal was applied, then the first portion 
of the waveform might not be visible on the scope face. Other applications 
of delay lines occur in distributed amplifiers, in pulse coders and decoders, in 
precise time measurement, in radar, in television, and in digital-computer 
systems. 

In many applications the type of distortion indicated in Fig. 3-15 (pre- 
shoot, overshoot, finite rise and fall times, and ringing) is acceptable. For 
example, in computer circuits the occurrence or absence of a pulse is of more 
importance than the exact form of the pulse. Moreover, where pulses have 
become badly deteriorated in form, they may be reshaped. In other applica- 
tions, notably in a scope, ringing is completely intolerable. As noted above, 
a delay line is used in a scope to delay the signal until the sweep has started. 
The remedy in this latter case is to construct a delay line whose ringing fre- 
quency is well beyond the bandpass of the system in which it is included. 


3-12 TRANSMISSION-LINE CHARACTERISTICS 


A uniform lossless transmission line, terminated in its characteristic impedance 
Zo, may be used asa delay line. Ifa sinusoidal voltage V, = Ac is impressed 
at the sending end of the line of Fig. 3-16, a traveling wave moves to the right 
along the line. The voltage as a function of the distance + down the line is 
given by V, = Ae*-#), and the voltage at the receiving end of the line is 
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Fig. 3-16 A transmission line terminated in its characteristic 
impedance. 


given by V, = Aei@*-60, These facts follow from elementary transmission- 
line theory,®-* where it is shown that 8 = 4/LC, » being the angular fre- 
quency, L the inductance per meter, and C the capacitance per meter. Since 
the velocity with which the wave, progresses is u = (LC)-*, then B = w/u. 
Hence 


V, = Ad@t-s) = Agatt-Uu) = Agiv(t-ta) (3-32) 


where tg =1/u. From this equation we see that the voltage which appears 
at the receiving end is the same as that which was impressed on the sending 
end at a time ¢, earlier. Since any waveform may be resolved into a Fourier 
spectrum and since the velocity u is independent of frequency, it follows from 
Eq. (3-32) that for an ideal line, an arbitrary waveform impressed on the input 
terminals will appear without distortion at the output terminals after a delay time ta. 
It is also shown in transmission-line theory (Sec. 3-15) that if the line is 
terminated in a resistive impedance Z, = ~/L/C, called the characteristic 
impedance, no reflection will take place when the signal reaches the end of the 
line. 

Both L and C are functions of the geometry of the cross section of the 
line, but it turns out that for lines with a uniform cross section the product 
LC is independent of the geometry® and equals ye, where » and ¢ are the 
magnetic permeability and the permittivity, respectively, of the medium: 
between the conductors of the line. For a line whose conductors are in 
free space, u = (LC)-* = (oe)~?, where 


Mo = 4n X 10-7 H/m and é5 = (367 X 10°)-! F/m 


so that u = 3 X 108 m/sec. This speed is the same as that with which a 
wave of electromagnetic radiation travels in free space, ie., the velocity of 
light. The delay per meter T is given by T = a/pe = 1/u and, for air, 
T = (3 X 108)-! sec/m = 3.3 nsec/m. For a medium of relative dielectric 
constant ¢,, the delay is 3.3e¢ nsec/m. For the low-loss dielectric media 
which are available (polystyrene, polyethylene, or Teflon), «, ~ 2.3 and 
T =~ 5nsec/m. Such lines are useful in the nanosecond delay range, but the 
length of cable required is prohibitively long in the microsecond region. For 
example, a delay of 1 ysec requires a line 200 m long! 
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Delay-line Parameters Consider the magnitudes of L, C, and Z, for 
three types of transmission lines—the coaxial cable, the single-wire line 
over an infinite ground plane, and the line consisting of two parallel wires. 
These lines are shown in Fig. 3-17, together with the expressions for the 
corresponding capacitance C per unit length. We note the similarity in 
form in the three cases. Thus if 44 = D then C for the wire-over-ground 
case is the same as for the coaxial cable and the two-wire configuration has 
half as large a value of C. We note further that since it depends on the log- 
arithm of the ratio of dimensions, the capacitance is extremely insensitive to 
changes in spacing. This similarity among lines and insensitivity to dimen- 
sional changes applies as well to the inductance L per unit length and the char- 
acteristic impedance Z, = +~/L/C of the line because 


1 1 
L= 7G and Zo = 76 


(3-33) 
where wu is the velocity of propagation. For a uniform line u = ~/ne. 
For a lossless coaxial line in which the space between inner and outer 
conductor is filled with a material of dielectric constant ¢, we find 
D D 
= —4 —_= + ]yn = 
Zo = 138¢,-* log a 60e, In aq 
When attenuation in the line results principally from ohmie losses in the 
conductors, the loss (for a fixed D) is a minimum for D/d = 3.6. For this 
ratio and for «, = 2.3, Z = 51 2. Most conventional and commercially 
available coaxial lines have impedances of this order of magnitude, i.e., from 
50 to about 200 2. These lines have reasonable physical dimensions, whereas 
lines of appreciably higher characteristic impedance are not realistic. A line 
with Z, ~ 1,000 2 would require log (D/d) = 11 or D/d = 10', which cer- 
tainly is an impractical ratio. 
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(a) Coaxial cable (6) Wire over ground (c) Parallel wires 
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Fig. 3-17 Several types of transmission lines, together with 
expressions for their capacitance per meter. The approximate 
expressions for the capacitance of the wire lines in (b) and (c) 
are correct to better than 5 percent if h/d > 1. 
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When we use the coaxial line we ordinarily do so through choice and 
employ for the purpose a cable of commercial manufacture. The coaxial 
line is important and useful especially because external points are shielded 
from the signal on the cable and because the cable is in turn shielded from 
neighboring signal sources. On the other hand a wire-over-ground line most 
often makes its appearance simply because a piece of wire has been used to 
connect together two points in an electrical circuit. Since the components 
are supported on a metal chassis this then constitutes the “infinite” ground 
plane. Such lines ordinarily operate with no dielectric or with a dielectric 
(the wire insulation) which occupies only a small part of the space between 
wire and ground. Accordingly Z, = 138 log (4h/d), and ifh = d, Z, ~ 83 2. 
If h = 2.5d, Z, = 138 9. We note again characteristic impedances in the 
neighborhood of 100 @ and the same insensitivity of Z. to spacing. Thus Z, 
increases by 138 Q each time 4h/d is multiplied by a factor of 10. 

The two-wire line of Fig. 3-17c does not find wide application in fast 
circuitry and is included principally to suggest that the properties of the 
coaxial and wire-over-ground lines are characteristic of lines generally. A 
widely used two-wire line is the 300-0 line used as an antenna leadin for tele- 
vision receivers. 

The time delay per unit length T and the characteristic impedance Z, 
depend on L and C, the inductance and capacitance per unit length, according 
to the formulas 


T=VIC = ve (3-34) 
or 
T 2 


We have already noted that Z, is usually limited to the range 50 to 200 ©. 
Taking a nominal value Z, = 100 © we have, for an air dielectric, 
T ~ 1 nsec/ft ~ 3.3 nsec/m 
Cx 10pF/ft ~ 0.33 pF/em (3-36) 
L = 100 nH/ft ~ 3.3 nH/em 


3-13 THE TRANSMISSION LINE USED TO TRANSMIT A SIGNAL’ 


In Chap. 2 we find that in transmitting a signal from one point to another we 
must continually contend with shunt capacitance across the signal leads and 
inductance in series with the signal leads. Both of these ever-present circuit 
components limit the bandwidth of the transmission system and prevent the 


Sec. 3-13 ; PULSE TRANSFORMERS AND DELAY LINES / 87 


system from transmitting abrupt signal discontinuities. The consequent 
signal distortion is apparent in increased rise times, in ringing, etc. 

If, however, the shunt capacitance and series inductance are distributed, 
as on a line, with capacitance C and inductance L per unit length, and if the 
line is terminated in a resistance R = +~/L/C, then such a line will convey a 
signal without distortion. Equally important is the fact that for a line so 
terminated the input impedance is also resistive and equal to R. Any actual 
line will produce some distortion and attenuation of a signal because of ohmic 
losses in the conductors and in the dielectric medium, both of which may be 
frequency-dependent. But with the lengths of lines normally employed in 
microsecond or nanosecond circuitry, the distortion so produced need not be 
serious. 

It should now be apparent that when a fast waveform is to be trans- 
mitted for any appreciable distance, such transmission should take place over 
a matched coaxial cable so as to minimize distortion and coupling. Further- 
more, the line should be matched not only at the receiving end but at the 
sending end as well. Any reflection which occurs on the line due to some line 
discontinuity or lack of perfect match at the receiving end will be absorbed 
at the sending end if the input is matched to the line. 

To some extent in microsecond circuitry and to a much greater extent in 
nanosecond circuitry, commercial instruments (generators, scopes, etc.) have 
their output or input connections made through matched coaxial lines. In 
this way input and output impedances are made resistive, and it becomes 
feasible to make interconnections also through coaxial cables without introduc- 
ing reflections. The characteristic impedances most common in commercial 
coaxial ines are nominally 50 Q (as noted above) and nominally 72 9 ile 
match the 72-0 impedance of a dipole antenna). 

Now let us turn our attention to the wire-over-ground line such as appears 
when a connection is made between components mounted over a metallic 
chassis. In Fig. 3-18 a source v, of impedance R, is connected through. a line 
of characteristic impedance Z, to a load of impedance R = R,. Clearly, when 
possible, we would make Z, = R,. But, as we shall now see, it is possible 
to make an estimate of the distortion to be encountered if the condition 
Z. = R, is not or cannot be fulfilled. 

Let us assume, for the sake of being specific, that Z, > R,, as would be 
the case if the spacing of the line above the ground plane were too great. 
The capacitance per unit length of the line is C = T/Z, and L = CZ,?. If 
the line were matched to the terminations, the inductance would be L’ = CR,?. 
Accordingly, there is an excess of inductance AL in a line of length 1, given by 


j R,? R, 
AL = UL — L’) = 1CZ," (1 - #4) = ITZ, (1 _ Zs) (3-37) 


We now assume that the configuration of Fig. 3-18a@ may be replaced as in 
Fig. 3-18). Here we consider that the inductance L’ = CR,’ has “canceled” 
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(a) = Fig. 3-18 (a) A line of charac- 


teristic impedance Z, connects 
impedances R,. (b) If Z. > RB. 
the line is replaced by a lumped 
excess inductance. (c) If 

(6) Z. < R, the line is replaced by 
a lumped excess capacitance. 


@) R, 


(c) ce 


the line capacitance. The line is now replaced by an inductor AL and the 
transmission-line properties of the line may be disregarded. It is now clear 
that if the source at the input end of the line generated a step of amplitude V, 
the waveform at the load would be v = (V/2)(1 — e*”), with 7 = AL/2R,. 
As an example, consider a signal being transmitted over a 50-2 cable to a 50-0 
termination. Let us assume that a 3-cm lead is used to make the connection 
from the cable to the termination and that this constitutes a 100-0 wire-over- 
ground line. Since R, = 509, Z = 100 Q, and 1 = 3 cm, then AL = 7.5 nH, 
and the rise time is, from Eq. (2-33), 2.27 = 0.17 nsec. This time is propor- 
tional to the wire length. If a 1-cm lead were used it would be reduced to 
one-third the above value, or 0.06 nsec (60 psec). 

If Z, < R,, as when the wire-to-ground spacing is too small, then there 
will be an excess of capacitance, which is given by 


IT Zo? 
AC = 7 (1 - ii) (3-38) 


This capacitance is shown in the circuit of Fig. 3-18c, from which it appears 
that the corresponding time constant ist = (R,/2) AC. 

Altogether, it appears that when Z, > R, there will be an excess of induct- 
ance and when Z, < R, an excess of capacitance. Since line impedances are 
in the neighborhood of 100 9, we shall have excess inductance or capacitance 
depending on whether R, is smaller or larger than about 1009. Suppose that 
we are required by certain constraints to use terminations of 1,000 2. We 
might then be inclined to increase the Z, of the line by increasing the line-to- 
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Fig. 3-19 Illustrating how the 
presence of a ground plane reduces 
the coupling between conductors 
mounted above a metal chassis. 


ground spacing, since such increase of spacing increases L and decreases C. 
Such a maneuver is both ineffective and inadvisable. It is ineffective because, 
as we have seen, the line parameters are remarkably insensitive to spacing 
and the separation corresponding to Z, = 1,000 © is unrealistically large. 
It is also inadvisable because raising a lead well above the metal chassis 
reduces the shielding effect between leads which results from the presence 
of the chassis metal. We now look into this matter of shielding. 

_ In Fig. 3-19 A and B are two wires running above a ground plane. It is 
intended that these wires should have no coupling one to the other. But of 
course there is some unavoidable capacitive coupling between them simply 
because of their proximity to one another. To examine this coupling, let us 
consider that a charge +@Q per unit length is placed on A. Then the magni- 
tude of the electric field at B due to Q would be Ei = Q/2rer, if the ground 
plane were not present. The net effect of the induced charges on the ground 
plane is replaceable by an image wire of charge —Q located as shown, and this 
charge causes at B in Fig. 3-19 an electric field FE, whose magnitude is Q/2rers. 
The net field at B depends now on the vector difference E, — Ex. The mag- 
nitude of this resultant field intensity decreases as h decreases. Thus even 
though the metal chassis does not project upward between wires A and B, 
its presence in their neighborhood furnishes a measure of shielding provided 
that the wires are close to the chassis. In the same way, if a current flows 
in wire A, an image current flows in the opposite direction at A’, and the net 
magnetic coupling with the circuit of which B is a part is thereby reduced. 
As a matter of fact, it is this shielding ability of the presence of a large mass 
of metal that constitutes a most important reason why circuits are assembled 
on a metallic chassis. And while it now appears that we may deliberately 
choose to mount a wire close to a chassis, it hardly need be emphasized that 
generally every advantage lies with making leads as short as possible. 


3-14 NONUNIFORM LINES*.¢ 


The low values of characteristic impedance obtainable in lines of uniform cross 
section are often as much an inconvenience as is the short delay per meter. 
For example, consider that we are required to transmit a 10-V pulse along a 
line. If Z, = 509, the generator must supply a 200-mA peak current, whereas 
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if Z, = 1,000 2 only 10 mA is required. Accordingly, in such applications, 
the higher-impedance line has a distinct advantage over the lower-impedance 
cable. 

From Eqs. (3-34) it follows that both T and Z, can be increased if a con- 
structional change is made which increases L. One such modification is to 
replace the straight center conductor by a continuous coil of wire in the form 
of a helix. In a cable with this configuration the cross section is not uniform 
and the product LC is no longer equal to ue. The inductance may be further 
increased if the inner conductor is wound upon a ferromagnetic core. Such 
delay lines are described in Appendix B, which also lists commercially avail- 
able cables with values of 7 and Z, as large as 1 usec/ft and 4,000 2, respec- 
tively. We note that the delay has been increased by a factor of 1,000 over 
that of an air-dielectric cable and the impedance has been multiplied by 
about 100. 

A given delay can often be obtained with less attenuation and in a smaller 
volume with a lumped-parameter line than with a distributed-parameter line. 
The design of such lumped delay networks is given in Appendix C. Several 
manufacturers supply physically small lumped-parameter lines having fixed 
delays in standard values up to about 20 usec, with impedances in the range 
from 50 Q to 10 K, and with the ratio of delay to rise time of the order of 10. 
Larger physical units are available with delays up to 200 msec and with rise 
times which are less than 3 percent of the delay.® 


3-15 REFLECTIONS ON TRANSMISSION LINES 


It will be recalled®-* that the general solution for the voltage v and current 7 
on an ideal (lossless) transmission line is given by 


v= fh (« 2 z) +h: (: a 2) (3-39) 
ile(-)-o) 


The positive assumed directions of v and 7 are indicated in Fig. 3-20. The 


and 


' characteristic impedance of the line is R,, and u is the propagation velocity. 


The function f; is an arbitrary function of the argument ¢ — x/u and repre- 
sents a wave traveling to the right (in the positive z direction) with velocity wu. 
Similarly, f. represents a wave traveling to the left. For a wave traveling 
to the right, v/i = R,, whereas for a wave moving to the left, v/i= —R,. 
This difference in sign results simply from the fact that in both cases the 
assumed positive current direction is as shown in Fig. 3-20. The general 
solution for wave propagation on a transmission line consists in combining a 
wave traveling to the right with a wave traveling to the left in such a way that 
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Fig. 3-20 Sign conventions for current and voltage on a trans- 
mission line. 


the boundary conditions at the sending and receiving ends are satisfied (at each 
end of the line the ratio v/i must equal the terminating resistance). We shall 
now illustrate this principle by applying it to a number of important special 
cases. : , 


Infinite Line Assume that a unit step U() is applied to the sending end 
of a line which is arbitrarily long, so that the conditions at the receiving end 
need never be considéred. Then the boundary conditions are obviously satis- 
fied by taking , 


x ; 1 x 

»=u(t~2) i= U(t-2) (3-41) 
It is understood, from the definition of the unit step, that U(t — 2/u) is zero 
whenever the argument is negative. The voltage distributions along the line 


at two successive times are shown in Fig. 3-21. The abrupt discontinuity in 
voltage travels down the line with velocity u. 


Finite Line Terminated in Its Characteristic Impedance An additional 
boundary condition now must be satisfied at the termination where v/7 must ' 
equal R,. But the solution given by Eqs. (3-41) already satisfies this addi- 
tional condition, so that the voltage and current on the line remain as before 
(for an applied unit step). In general, a line terminated in its characteristic 
impedance behaves as an infinitely long line. 


' fest (a) 
* ge . 1 cs a x 
Fig. 3-21. The. voltage distribution along 
an infinite line at two particular instances 
of time ¢, and ts, with 2 > &. 


(8) 
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Finite Line Terminated in R ~ R, The boundary condition at the ter- 
mination is no longer satisfied by Eqs. (3-41). It is now required that at the 
termination the ratio v/i equal R rather than R,. Hence, we must now find 
a combination of waves traveling to the right and to the left which will satisfy 
the boundary condition. The circumstances which exist at the termination 
of the line (x = 1) for the case of a resistive termination R > R, are shown 
at a time t > I/u in Fig. 3-22. The incident wave of voltage U(t — x/u) has 
progressed to the point where the discontinuity has passed beyond the end 
of the line. The second or reflected wave is represented by pU(t — 2l/u + x/u) 
and is one which travels from right to left and whose discontinuity passes 
z=latt=1/u. (Of course, it is understood that the dashed portions of the 
waves to the right of z = 1 do not actually exist, because the line ends at 
xz =1.) The constant p is called the reflection factor. For times t > l/u, 
the net voltage at the termination is 1+. The current associated with 
the original wave is 1/R, flowing to the right. The current associated with 
the reflected wave is p/R, flowing to the left. The net current is (1 — p)/R. 
flowing to the right. If the termination is R, then it is required that 


1+ p 


Tepe 
or 
— es (3-42) 


This result for p, which measures the ratio of the amplitudes of the two voltage 
waves, is consistent with our expectation that p= 0 if R = R.. We also 
note that p is positive if R > R., whereas the reflected voltage wave is inverted 
(p is negative) if the terminating resistance is less than the characteristic 


fl+p 
1 t 
© (a) Fig. 3-23 The voltage (a) and current (b) 
x=l 
: distributions along a line with a termination 
R> R, fort > Iu. 
1 
R | 1p 
1 Ro 
0 (b) 


Sec. 3-16 PULSE TRANSFORMERS AND DELAY LINES / 93 


z=0 (a) (b) . 
Fig. 3-24 (a) A generator with an output impedance R, at the sending end of a 
line. (b) The same circuit drawn using the standard symbol for a delay line. 


resistance (R < R,). The voltage and current distributions along the line 
for a particular instant of time, ¢ > 1/u, are shown in Fig. 3-23. The net 
voltage and current at any point on the line result from the simultaneous 
existence of the incident and reflected waves. The time 1/u = tg which it 
takes the wave to travel down the entire length of the line is called the one-way 
delay time. 

To summarize, for voltage waves, 


-l<p<ci for any R 


p=41 if R = o (an open-circuited line) 
p=-1 if R = 0 (a short-circuited line) 
p>0 ifR> R, 

p <0 ifR < R, 

p=0 if R = R, 


If one end of the line is terminated in R,, then when the discontinuity reaches 
this termination it is completely “absorbed” and no additional reflections 
result. 

In the case where the generator at the sending end provides a voltage 
v,(t) and has a source impedance R,, the amplitude of the wave which starts 
down the line is easily calculated. In Fig. 3-24, the ratio of voltage to current 
on the line is R, until the discontinuity of the first wave reaches the termination 
R. Hence, at time ¢ = 0, the impedance seen looking to the right is R, and 
the amplitude of the wave is 


3-16 A SHORTED OR AN OPEN LINE 


Consider a generator of a step voltage V and impedance R, = R, connected 
to a line which is short-circuited at the receiving end, as indicated in Fig. 3-25a. 
What is the appearance of the voltage waveform at the sending end? Att =0 
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Fig. 3-25 (a) A step voltage applied to a short-circuited line from a 
generator whose impedance matches that of the line; (b) the resulting 
voltage v; and (c) the resulting current 7 at the input of the line. 


a step VR./(R. + RB.) = V/2 appears at x = 0. This discontinuity travels 
to the shorted end, where a second discontinuity —V/2 (since p = —1) will 
start toward the left. When this second edge reaches the input end, it will 
add a voltage —V/2 to the voltage +V/2 established previously. The 
resultant waveform will be a pulse of amplitude V/2 and duration 2ta, as 
indicated in Fig. 3-256. The advantage of producing a pulse in this manner 
is that the duration depends only on passive elements (the L and C of the line) 
and thus may have a stability not shared by pulse generators which depend 
upon active elements. The initial current is V/2R,. This current disconti- 
nuity is reflected as —pV/2R, = +V/2R., so that at time t > 2t, the input 
current is V/2R, + V/2R. = V/Ro, as it should be, since the steady-state 
voltage at the input to the line is zero. The current waveform is indicated in 
Fig. 3-25c. 


Attenuation In the above discussion we have neglected the attenuation 
of the line, which we shall now take into account. Consider the circuit of 
Fig. 3-25 again. The initial discontinuity at the input end will arrive at the 
shorted end as 3Ve~*, where a = ¢l, ¢ is the attenuation factor, and / the 
length of line. At ¢ = 2ta, a negative step of amplitude 4Ve-% will appear 
at the input end and the resultant wave will be as in Fig. 3-26a. We see that 
a small step voltage or “pedestal” v’ remains after the pulse. 

The above result will yield an expression for ¢ in terms of the d-c input 
resistance Ra. of the shorted distortionless line. Since for ¢ > 2t, there are 
no further discontinuities, v’ may be calculated from 


in which we have taken into account the fact that on any practically useful 
line Ra. << R,. From Fig. 3-26a we see that 


y Mae 4 Cem ek 
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(a) 


Fig. 3-26 The voltage at the input to the 
line in Fig. 3-25 when attenuation is taken i 
into consideration if the input waveform is 

(a) an abrupt step and (b) an exponen- 

tial rise. (c) An exponential input step 

shaped by a double delay-line differ- 

entiator (if an amplifier with an odd num- 


(0) 


o 


ber of stages is used, then the waveform i 


should be inverted). 


(c) 


* 


Assuming small attenuation, so that 2 ~ 1 — 2a, we find 


Rao 
ae (3-43) 


a={l= 

Delay-line Differentiation If the generator in Fig. 3-25 supplies an . 
exponential rise of voltage, the waveform at the input to the line is as pictured 
in Fig. 3-260. It is assumed that the exponential time constant 7 is short 
compared with the delay time tz of the line. The waveform in Fig. 3-26 
follows from that of Fig. 3-26a, which gives the response for an ideal step 
applied to a shorted line. If an exponential waveform is applied to an RC 
differentiating circuit (RC <7), then the output (Fig. 2-9) resembles that of 
Fig. 3-26 in the sense that a step voltage has been converted into a pulse. 
Hence, a shorted transmission line is referred to as a delay-line differentiator. 
This terminology is further explained below. 

If the waveform of Fig. 3-26b is applied through a buffer amplifier to a 
second shorted line, the result is that indicated in Fig. 3-26c, which should be 
compared with Fig. 2-13. Note that this double-delay-line differentiator 
almost eliminates the pedestal due to the cable attenuation and gives a wave- 
form whose average value is approximately zero. Double-delay-line shaping 
is an important technique used in nuclear pulse spectrometry.® 

We shall now explain how a length of delay line, shorted at the receiving 
end, may be used to’ accomplish much the same function as is served by a 
differentiating circuit. 


| 
I 
i 
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Incident voltage = 3 


Fig. 3-27 (a) A delay-line differentiator using a short-circuited line; (b) the 
incident and reflected waveforms; (c) the resultant waveform at the input to 
the line; (d) a delay-line differentiator using an open-circuited line. 


Consider the situation pictured in Fig. 3-27a, which consists of the same 
circuit as in Fig. 3-25a but excited by a signal waveform »,. To illustrate the 
point we intend to make, a signal waveform has been selected which consists 
of a portion where the voltage changes slowly with time and another portion 
where the voltage changes rapidly with time. The waveform has the shape 
shown by the solid curve in Fig. 3-27b. Initially the line behaves like a 
resistance equal to its characteristic impedance Z,. The voltage v; which 
travels down the line is »,/2, which has the same shape as the input waveform. 
However, the short circuit at the line end causes the appearance at the line 
input of a delayed and inverted voltage waveform, shown by the dashed curve 
in Fig. 3-27b. We shall assume no attenuation, so that the dashed reflected 
waveform is equal in amplitude to the incident signal. If the line introduces 
a delay tz, the dashed waveform is delayed by 2t:. The resultant waveform 
of v; is given by the sum of the two waveforms in Fig. 3-27b and is shown in 
Fig. 3-27c. 

We now observe a marked similarity between this resultant waveform 
and the waveform that would result from transmitting the input signal 
through a differentiating network. The principal difference in the two cases 
is that, with the differentiating circuit, portions of the waveform of Fig. 3-27c 
that appear as linear rises and falls would be replaced by rising and falling 
exponentials. Like the differentiating circuit, the delay-line circuit gives a 
larger response when the input changes rapidly and a smaller response when 
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the input changes slowly. When a ramp signal of slope a is applied to a 
differentiating network, the response, after an initial transient, is constant 
and equal to ra, where 7 is the circuit time constant (r = RC ort = L/R, 
depending on the circuit). The corresponding response for the delay-line 
differentiator is 2iza. Qualitatively, we may say that a differentiating net- 
work is one which will not transmit a signal unless it is changing rapidly. 
Quantitatively we have that, for a ramp, the output signal is equal to the 
magnitude of the input change in one time constant. Qualitatively, the 
shorted delay line acts as a short circuit except when the signal changes rapidly. 
Quantitatively we have the result that, for a ramp input, the output is equal 
to the magnitude of the input change in the time 2tz. 

A type of waveform which is frequently encountered is one in which 
there occurs periodically an abrupt change in an otherwise slowly varying 
shape. If this waveform is passed through a differentiating circuit, the 
waveform generally will be “(washed out’’ and only the response to the abrupt 
change will stand out. In this way, the signal may be converted to a wave- 
form that is essentially a train of pulses. If the differentiation is achieved 
in a lumped single-time-constant circuit, the pulse train will consist of a 
series of spikes, as in Fig. 2-6, with a sharp leading edge, an exponentially 
falling trailing edge, and a top which is pointed rather than flat. In such an 
application the use of a delay-line differentiator has obvious merit because 
the pulses will be much more nearly rectangular and will have a duration 
which is controllable by an adjustment of the length of the delay line. 
Nanosecond pulse generators making use of delay-line differentiation are dis- 
cussed in Secs. 13-17 and 20-8. 

Another form of delay-line differentiator using an open-circuited line is 
indicated in Fig. 3-27d. If the signal voltage », has the waveform in Fig. 3-276, 
then the voltage v! = iR, across the input resistance A, has the form in Fig. 
3-27c. This statement follows from the fact that in Fig. 3-27d the current 
wave i is inverted at the open-circuited end, just as the voltage wave in 
Fig. 3-27a is inverted at the short-circuited end. Clearly, the circuit in 
Fig. 3-27d is the dual of that in Fig. 3-27a. 


3-17 MULTIPLE REFLECTIONS 


Let v(t) be the voltage wave which starts down the line at £=0O+. At 
t = tg this incident wave reaches the end of the line z = 1 and a reflected 
voltage wave v2 = pt; (and a reflected current wave —pv,/R,) start back 
along the line. At ¢ = 2¢, this first reflection reaches the beginning of the line 
2 = 0. The condition for no reflection at the sending end is that the ratio 
of voltage to current at this termination be Ro. If the generator impedance 
does not equal the characteristic impedance of the line, then this boundary 
condition is not satisfied. We must therefore postulate, for any other termina- 
tion, the existence of a third voltage wave v3 = p'v, which starts to the right 


| : ie 
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r p 
t=0 é, 
t=, Fig. 3-28 Reflection chart of voltage waves 
traveling between sending end at z = 0 with 
24 reflection coefficient p’ and receiving end at 
3ty a = 1 with reflection coefficient p. The same 


chart may be.used for current waves provided 
4ty that each voltage is divided by 2, and the 
signs of the reflection coefficients p and p’ are 


ta changed. 


x=0 x=l 


from2z = Oatt = 22+. The reflection factor p’ for the input-end termination 
’ is given by Eq. (3-42), where R = AR, is the sending-end resistance. This third 
wave is the reflection of the second wave and wil-in turn produce a reflection 
v, at the receiving end, and so on indefinitely. This sequence of events is 
_ conveniently represented in the reflection chart of Fig. 3-28. The resultant 
voltage is the algebraic sum of all the individual reflection components. For 
example, the voltage at z = 0 for 0 < ¢ < 4tg is the sum of v; (starting at 
_ t = 0), v (starting at ¢ = 2t,), and v3 (starting at ¢ = 2tz). If the signal source 
is a ramp generator at of internal resistance R,, then with k = aR,/(Ro + R,), 
v, = kt. To this must be added v2, which is a ramp of slope pk starting at 
t = 2t, and v3, another ramp, also passing through ¢ = 2tz and of slope p’pk. 
The individual components and the resultant are indicated in Fig. 3-29 for the 
special case where p = —} and p’ = +4. The complete waveform at x = 0 
is seen to be a broken line function of time, with the changes in slope occurring 
até = 2ta, Ata, 6ta, aad Sani ne 


Fig. 3-29. The voltage v;(t) at the sending 
end (z = 0) of a line for 0 < t < 4t, if the 
source is a ramp generator and p = —% and 
p' = +3. 
v. = por(t — 2tz)U(t — 2t,) 

—Fk(t — 2ta)U(t — 2ta) 
vs = plot — 2tz)U(t — Qta) 

= —$k(t — 2t.)U(t — 2te) 
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Fig. 3-30 The input to a line is a 
step voltage. The waveforms. at 
the input (a) and output (b). The 
figure is drawn for p = +1 and 


1 
po = —3. 


£ 
% 


If the signal source is a step generator, then the resultant waveform is a 
staircase function of time with steps up and down. At the sending end the 
steps start at t = 0, 2tg, 4tz, 6t2, . . . , and at the receiving end at t = ta, 
3ta, 5tz, . . . , a8 indicated in Fig. 3-30. For example, the resultant constant 
voltage v; for 4tg < t < 6t, is seen from Fig. 3-30a to be the algebraic sum 
01 + v2 +03 + v,.-+ 05. Some of the v’s may be negative. 

If the input is a pulse (whose width /, is less than 2tz), then the output 
will be a train of pulses. At « = 0 the pulse beginning at ¢ = 4t, will be 
equal to v4 + 95. This result follows from the fact that the waveforms 1, v2, 
and v; are all zero for t > 4tg, since tp < 2tg. It is possible for some of the 
pulses to be inverted, as in the following illustration. 


EXAMPLE A pulse generator whose impedance is R, = 600 © delivers a 2-usec 
8-V pulse to a 1,000-Q line terminated in 9,000 2. The one-way delay of the cable 
is 5 wsec. Find the voltage waveforms at the input and output of the line. 


Solution The magnitude of the pulse applied to the line is 


Vy. = ——— = ——— = 5.00 V 
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p= -0.25 p= +08 


Fig. 3-31 Reflection chart for illustrative 
example. 


The reflection chart for these specific values (corresponding to Fig. 3-28) is 
given in Fig. 3-31. From this chart and the above theoretical discussion it follows 
that the pulse trains at the sending and receiving ends of the line are as pictured in 
Fig. 3-32. 


eutmcenasitpoen ess 


3.00 (=4.00 — 1.00) (a) 


id 9.00 (=5.00 +4.00) 


~1.80 


Fig. 3-32 The voltage waveforms at the input (a) and the output (b) 
of the illustrative example. 
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If the attenuation ¢ of the line is appreciable, then it is taken into account 
in the reflection chart by multiplying each pulse amplitude by e~f when the 
pulse travels a distance J. If we are interested in the current, rather than the 
voltage, waveform, then we must remember that a current pulse 7 is reflected 
at a termination as a pulse — pz. 


3-18 DISCHARGE OF AN INITIALLY CHARGED LINE 


Figure 3-33 indicates a line charged to a voltage V with the switch S closed. 
If S is opened at ¢ = 0, what is the voltage (or current) waveform at the begin- 
ning or the end of the line? To answer this question we must first find the 
magnitude of the initial voltage step traveling down the line. Then we can 
draw a reflection chart and proceed as before. 

At t = O— the line voltage is V and the line current is 7((0—) = V/Ri. 
At t = 0+ the voltage at the input to the line will change to another value 
v; = V’, which can be determined as follows. The current in Ry at t = 0+ 
is i’ = V'/R2, and from Fig. 3-33 this must equa] the negative of the input 
line current, or (0+) = —2’ = —V’'/Rz. 

The first voltage step V1 which must travel down the line equals the 
change in input voltage, or Vi = V’ — V. The corresponding input-current 
step is (0+) — i(0—) = —(V’/R:) — (V/R:). Since the ratio of voltage 
to current for a traveling wave must equal the characteristic impedance R,, 


vi -v=R(-E- 3) (3-44) 


If this equation is solved for V’ and then V; = V’ — V is evaluated, we find 


Vi catia R2/Ri +1 
V R./Ro + 1 


Note that, independently of Re, if R.1 = R., then Vi = —V and 


(3-45) 


V=VitV=0 


This result is consistent with the fact that there can be no reflection if a line 
is terminated in its characteristic impedance. Hence the wave traveling down 
the line must wipe out the voltage on the line. Since the net voltage at any 
distance along a line is the sum of the initial voltage V plus all the traveling waves 
which have reached that point, then, for0 <t < ta V+Vi=0OorVi = —V 


= 
SE 


(+ 
the line is charged to a voltage V. u% 


Fig. 3-33 With the switch S closed ‘le 
+ 
Then § is opened at ¢ = 0. Me 
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Initial voltage, V 
p’=0 p=+1 
t=0 


2, 


(a) () 


Fig. 3-34 (a) Open-circuited line charged to an initial voltage V 
with input end terminated in its characteristic resistance; (b) corre- 
sponding reflection chart. 


At ¢ = tg the wave reaches the end of the line, the line is completely dis- 


charged, and there is no reflected wave. However, if R, ¥ R,, then there 
will be a reflection at ¢ = tg. 


o 


°o 


EXAMPLE A line charged to a voltage V is terminated at its input end in its 
characteristic impedance and at its output end is open-circuited as in Fig. 3-34a. 
When the voltage source V is removed find the voltage waveforms at both ends of 
the line. 


Solution Since R, = © and R. = R., then p = +1, p’ = 0, and from Eq. (3-45) 


The reflection chart is given in Fig. 3-346 and the waveforms in Fig. 3-35. The 
initial voltage at t= 0+ is V+Vi=V—V/2=V/2. The discontinuity 


(a) 


2t 
a Fig. 3-35 Waveforms at input (a) and output ° 


(b) of the line of Fig. 3-34, which is charged 
to a voltage V for t < 0. 


(0) 


a 
os 
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Vi = —V/2 travels down the line, discharging it to half voltage as it progresses. 
At the end of the line at ¢ = ég the discontinuity is reflected as —V/2 (since p = 1), 
and it discharges the line to zero as it moves toward the beginning of the line. 
At ¢ = 2tg the line is completely discharged. The resultant voltage across 2, is a 
pulse of amplitude V/2 and duration 2tz, as indicated in Fig. 3-35a. 
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For service as the switch S in Fig. 3-34 special types of relays are com- 
mercially available. The contacts of these relays are hermetically sealed in a 
container which also contains some liquid mercury and a gas such as hydrogen 
at a pressure as high as 250 atm. The mercury is drawn to the contact points 
by capillary action and the contact is made through the mercury. Since the 
metal contacts, which are wetted by the mercury, never actually touch, the 
relay is capable of millions of operations without wear on the contact points. 
The very high gas pressure prevents arcing at the contacts, both on making 
and on breaking. Accordingly, the time interval which elapses between the 
moment when.the contact just begins to open and the time when it is com- 
pletely open may be a small fraction of a nanosecond. The repetition rate 
of the closing or opening operation is limited, as in any mechanical relay. 
Repetition rates up to several hundred per second are possible. A number of 
commercial nanosecond pulse generators’ are available in which the wave- 
forms are generated as in Fig. 3-34 by using a mercury relay in connection 
with a delay line. The polarity and amplitude of the pulse depend upon the 
charging voltage, and the pulse width is determined by the line length. Repe- 
tition rates as high as several megacycles per second are possible if the mechan- 
ical relay is replaced by an avalanche transistor (Sec. 13-17). 

A charged line may be used as a pulse stretcher.'° Consider, for example, 
a, lumped line open-circuited at the output and terminated in X, at the input. 
Each capacitor is charged simultaneously from a pulse of width ¢, through 
an emitter follower and buffer diodes. At the end of the input pulse the 
line starts to discharge, but the output will remain constant for a time ta, 
as indicated in Fig. 3-35b. Hence, the input width é, has been stretched to ta. 


-4 
Fig. 3-36 The voltage across R: in Fig. 3-34 if (a) Rz = 3%,, (b) R. = 3R.. 
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If neither R, nor R, in Fig. 3-33 equals R., then there will be multiple 
reflections from each end of the line. The voltages across R, for the two 
special cases R. = 3R, (p = +3) and R2 = $R, (p = —4) are indicated in 
Fig. 3-36 for Ri = &. 


3-19 REFLECTIONS FROM REACTIVE TERMINATIONS® 


If the line ends in an impedance Z consisting of some combination of reactive 
and resistive elements, then the reflection coefficient is given by 

ole) = Fehr + (3-46) 
where Z(s) is the terminating impedance, with the reactance of each inductor L 
represented by Ls and that of each capacitor by 1/Cs, If v1(s) is the Laplace 
transform of the first wave traveling down the line, then the wave reflected 
from the termination and starting at ¢ = tz is the inverse Laplace transform 
of p(s)v;(s). In other words, the reflection chart of Fig. 3-28 continues to be 
valid, provided that p, p’, and the v’s are written as functions of s and the 
inverse Laplace transform is taken to obtain the time waveforms. 


EXAMPLE A unit step generator is matched to a line of characteristic impedance 
R, which is terminated in a capacitor C, as in Fig. 3-37. Find the voltage v; at 
the input to the line and », at the termination. 


Solution The incident wave is $U(t) = »,(t) and »,(s) = 1/2s. The reflection 
coefficient in the s plane is 
1/sCR, 1  —s+1/CR, 
Oe ee 3-47 
es) = 170R, 1 3+ 1/CR, eat) 


The reflected wave is 


—-s+1/CR, 
¥. om z 4 
v(s) = a(s)n() = SG 7CR.) (3-48) 
Taking the inverse Laplace transform yields 
v(t) = 3 — WRC (3-49) 


where we have written ¢’? = ¢ — tz to remind us that this reflection starts at t = tg 
ort’ =0. Since R, = R,, p’ = 0 and hence v3 = 0. In other words, there are no 
reflections beyond the first originating at the end of the line. 


i; 
Fig. 3-37 The termination of the line is a 
capacitor C. 
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(a) 
Fig. 3-38 The waveforms (a) at 
the output and (b) at the input of a 0 ta t 
line excited from a matched step 
generator if the line terminates in a ¥; 
capacitor. 1 

3 
(b) 
0 2tg t 


The voltage v, at the end of the line is zero until ¢ = fz and then is v1; + v2 = 
$+. =1—e-"/R¢, This waveform is plotted in Fig. 3-38a. The waveform at 
the input to the line is »), a constant of magnitude % until ¢ = 2¢,. From then on 
v; = 0, $+ vg = 1 — €*/RC, where t’ = ¢ — 2tz. The waveform is plotted in Fig. 
3-38b. Note that the capacitor voltage starts at zero and ends with a magnitude 
equal to that of the generator (unity). 


If the termination in Fig. 3-37 consists of a resistor 2 in parallel with C, 
then the waveforms in Fig. 3-38 remain valid with the following modifications. 
The steady-state voltage is R/(R + R,) instead of unity and the time con- 
stant is CRR./(R + R.) instead of CR, (Prob. 3-67). 

If the termination of the line in Fig. 3-37 is an inductor in series with a 
resistor R, the waveforms can be calculated to be those indicated in Fig. 3-39 


Fig. 3-39 The waveforms of the line 
of Fig. 3-37 terminated in a series 
combination of an inductor L and 
resistor R. The time constant of 
the exponential portions is 


L/(R + R.). 
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(Prob. 3-66). Note that if R = 0, the steady-state voltage is zero, which is 
obviously correct since an inductor cannot sustain a constant voltage. If 
R = R,, then the steady-state voltage is 3 V. 


3-20 “‘TRANSMISSION-LINE’’ PULSE TRANSFORMERS 


When a signal is transmitted from a generator to a load over a pair of wires, 
the signal waveform is distorted by the combination of the distributed shunt 
capacitance between wires and inductance in series with the wires. We find, 
however (Secs. 3-12 and 3-13), that if the inductance and capacitance are 
“balanced” against one another for a particular load, as in the case of a uniform 
transmission line, the signal may be transmitted to the load without distortion 
and without reflection at the load if the line is properly terminated. In being 
transmitted through a pulse transformer, fast waveforms are distorted by the 
shunt capacitance and leakage inductance of the windings. We shall now 
show that, in special cases, it is possible to arrange the transformer windings 
mechanically in such a manner that the signal is transferred from generator to 
load as if over a transmission line. Under these circumstances distortion and 
reflections are minimized. 


1:1 Inverting Transformer In the circuit of Fig. 3-40a a generator is 
supplying power to a load through a transmission line. In Fig. 3-40b the 
line is bent (with a radius which is large compared with the spacing between 
wires), 80 that the two points P’ and S are brought close to one another. We 
now join P’ and S and connect this common point to ground. This connection 
between P’ and S perturbs the power flow from source to load only slightly 
since the traveling wave carrying the power is guided by the wires and travels 
in the direction indicated by the arrow. 

Grounding of P’ and S, though it does not affect appreciably the power 
delivered to the load, does introduce one complication. For example, consider 
in Fig. 3-40b that v is a low-frequency source. Then the complete low- 
impedance loop PP’SP around the outside coil will require of the source 
that it provide a large current which will then circulate around this loop. 
To minimize this circulating current we may wind the transmission line around 
a leg of a magnetic circuit. .The inductance of the outer coil will be increased 
and the circulating current decreased thereby. -If the line is long enough, we 
may wind it many times around a magnetic toroid, as shown in Fig. 3-40c. 
Note in Fig. 3-40c that P’ and S are both grounded, making these points com- 
mon, as in Fig. 3-40b. Also, as in Fig. 3-40b, the source is connected between 
P and S (= P’) and the load between S’ and P’ (= 8). But in Fig. 3-40c 
it is apparent that the source is connected to a primary winding P-P’, whereas 
the load is connected to a secondary S-S’. In this transformer the windings 
of the primary and the secondary lie side by side and may even be twisted 
together. The entire arrangement has finally been redrawn in Fig. 3-40d, 
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P 
ee 
Ss 
(a) 
Portion of 
: magnetic circuit 
( ) Ss & ‘ 
c R,=R, (d) 


Fig. 3-40 Concerning a 1:1 inverting ‘'transmission-line’’ transformer, (a) a 
source supplies power to a load over a delay line; (b) the line is curved to 
place the source and load close together; (c) the line is wrapped around a 
magnetic core; (d) the transformer in (c) drawn in conventional form. 


where it looks more like a conventional representation of an inverting trans- 
former. The dots assigned to the windings are consistent with the fact that 
the windings encircle the magnetic core in the same direction. 

In summary, we have established that a 1:1 inverting transformer con- 
structed in the manner described above actually conveys power from source 
to load along a transmission line. If the line is matched, the transformer 
capacitance and leakage inductance do not affect the transmission, and the 
rise time of the transformer is now determined by secondary effects not con- 
sidered in the above discussion. The flat-top response is determined, as in a 
conventional transformer (Sec. 3-7), in part by the magnetizing inductance, 
which in turn depends upon the number of times the line is wrapped around 
the toroid and upon the permeability of the iron. The constructional details 
of a nanosecond “‘transmission-line’”’ pulse transformer are given in Sec. 3-10. 

Assume now that we have no interest in polarity inversion. Then, 
returning to Fig. 3-40a, we would ground S and 8’, but we would not be able 
to operate source and load at different d-c voltages. Aceordingly we now 


108 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 3-20 


(0) 


Fig. 3-41 Development of a ‘‘transmission-line’’ noninverting transformer. 


need a noninverting transformer with d-c isolation between primary and 
secondary. 


1:1 Noninverting Transformer Starting with a set of transmission lines, 
we shall now show how to construct a 1:1 noninverting transformer with 
d-c isolation. We might imagine that if we devise a transmission-line trans- 
former with d-c isolation we might make of it either an inverting or a non- 
inverting transformer simply by moving one ground lead. We shall see that 
such is not the case. 

In Fig. 3-4la are drawn two independent transmission lines, 1 and 2, 
which have been curved so that they may meet at sending and receiving ends. 
If an equipotential plane is placed perpendicular to the plane of the page and 
along the line ABCD, then the electric and magnetic field lines will remain 
unchanged throughout space. This statement follows from the fact that 
system 2 is the electromagnetic image of system 1 in the equipotential (ground) 
plane. We may note now, for future reference, that points A and C are at 
the same potential. 

Each line has a source »/2 and is matched, Rk, = R,, at both sending and 
receiving ends. Because of the generator polarities and the symmetry of the 
arrangement it is apparent that the leads AB and CD carry no current. The 
circuit has been redrawn in Fig. 3-41b with the leads AB and CD deleted. 

We see that we have here a 1:1 transformer in which the primary and 
secondary are isolated. Observe the most interesting conclusion which must 
be drawn from Fig, 3-41), namely, that although each line has a character- 
istic impedance R,, proper matching. requires a source and load resistor equal 
to 2R,z = 2R.. 
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Fig. 3-42 (a) Two lines connected 
in series at the sending and receiv- 
ing ends constitute a transformer; 
(b) physical realization of the 
‘*transmission-line’’ 1: 1 noninvert- 
ing transformer. 


(a) (6) 


We noted earlier that there is zero voltage between A and C. Hence 
there is also zero potential between P’ and S’ because the voltage drop from. 
A to P’ is the same as the drop from C to 8’. Therefore, we are free to make a 
common ground connection at P’ and S’. In this case the voltage upp: = vss 
and the transformer is a 1:1 noninverting transformer. We are not at liberty 
to make an inverting transformer by grounding, say, P’ and S because there 
is a voltage difference between these two points. 

An alternative manner of arriving at the configuration of Fig. 3-416 is 
shown in Fig. 3-42. Here two lines, 1 and 2, each of characteristic impedance 
R,, are placed side by side. The inputs to the lines are placed in series, and 
the input signal is applied to this combination. Similarly the receiving ends 
are placed in series, and the load is connected to this combination, The 
matching resistance must equal 2R,, which is the sum of the characteristic 
impedances of the two lines. 

In order to limit the current in the outer loops of Figs. 3-41b and 3-42a, 
it is necessary to wind the lines around a magnetic core. A physical realization 
of a 1:1 noninverting transformer is shown in Fig. 3-42b. Other transmission- 
line transformers are possible? in which there is an integral relationship in the 
voltage transformation ratio between primary and secondary. 
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4 WIDEBAND AMPLIFIERS 
(UNCOMPENSATED ) 


Frequently the need arises in pulse systems for amplifying a signal 
with a minimum of distortion. Under these circumstances the active 
devices involved must operate linearly. In the analysis of such 
circuits the first step is the replacement of the actual circuit by a 
linear model. Thereafter it becomes a matter of circuit analysis to 
determine the distortion produced by the transmission characteristics 
of the linear network. In this sense the present discussion is an 
extension of the material of Chaps. 2 and 3 with the following impor- 
tant differences. Previously we were satisfied with simply observing 
the distortion introduced by various simple transmission networks 
for several representative waveforms. Now we shall be concerned 
with the problem of how the distortion may be minimized and how 
the signal may be amplified. 

The frequency range of the amplifiers discussed in this chapter 
extends from a few cycles per second (hertz), or possibly from zero, up 
to hundreds of megahertz. The original impetus for the study of such 
wideband amplifiers was supplied because they were needed to amplify 
the pulses occurring in a television signal, Therefore, such amplifiers 
are often referred to as video amplifiers. 

Basic amplifier circuits are discussed here. Modifications of these 
configurations to give improved characteristics are considered in the 
following chapter. 


4-} FREQUENCY RESPONSE OF AN AMPLIFIER! 


A criterion which may be used to compare one amplifier with another 
with respect to fidelity of reproduction of the input signal is suggested 
by the following considerations. Any arbitrary waveform of engineer- 
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ing importance may be resolved into a Fourier spectrum. If the waveform is 
periodic, the Fourier spectrum will consist of a series of sines and cosines whose 
frequencies are all integral multiples of a fundamental frequency. The funda- 
mental frequency is the reciprocal of the time which must elapse before the 
waveform repeats itself. If the waveform is not periodic, the fundamental 
period extends in a sense from a time — © toatime +. The fundamental 
frequency is then infinitesimally small, the frequencies of successive terms in 
the Fourier series differ by an infinitesimal amount rather than by a finite 
amount, and the Fourier series becomes instead a Fourier integral. In either 
case the spectrum includes terms whose frequencies extend, in the general 
case, from zero frequency to infinity. 

Consider a sinusoidal signal of angular. frequency w represented by 
Vn sin (wt + ¢). If the gain of the amplifier has a magnitude A and if the 
signal suffers a phase lag 6, then the output will be 


AV, sin (wt + ¢ — @) = AV, sin [- ¢ — *) + 6| 


Therefore, if the amplification A is independent of frequency and if the phase 
shift 6 is proportional to frequency (or is zero) then the amplifier will preserve 
the form of the input signal, although the signal will be delayed in time by an 
amount D = 6/w. 

This discussion suggests that the extent to which an amplifier’s amplitude 
response is not uniform and the extent to which its time delay is not constant 
with frequency may serve as a measure of the lack of fidelity to be anticipated 
in it. In principle, it is really not necessary to specify both amplitude and 
delay response since, for most practical circuits, the two are related and, one 
having been specified, the other is uniquely determined. However, in par- 
ticular cases, it may well be that either the time-delay response or amplitude 
response is the more sensitive indicator of frequency distortion. 

Video amplifiers of either the transistor or tube variety are almost invari- 
ably of the RC-coupled type. For such a stage the frequency characteristics 
may be divided into three regions, There exists a range, called the midband 
frequencies, over which the amplification is reasonably constant and equal to 
A, and over which the delay is also quite constant. In the second (low-fre- 
quency) region, below the midband, an amplifier stage will be shown to behave 
like a simple high-pass circuit of time constant 71 of the type depicted in Fig. 
2-1. We have, then, that the ratio of the gain A, at low frequency to the 
midband gain A, is [see Eq. (2-1)] 


be 1 


VI + i/f? 
where f; = 1/2m7; is the lower 3-dB frequency, or half-power frequency. In 


the third (high-frequency) region, above the midband, the amplifier stage has 
as its equivalent circuit the low-pass combination of Fig. 2-14 with a time 


A, (4-1) 
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constant rz, Hence the ratio of the gain A, at high frequency to the midband 
gain A, is [Eq. (2-31)] 


Az 


A, 


1 
V1 + O/f)? 
where fz = 1/2mre is the upper 3-dB frequency. The normalized time delays, 
D, and Dz, for the low- and high-frequency ranges, respectively, are given 


Pin te ae 7 arctan 7 (4-8) 
and 
SeD2 = fits = = 2 arctan 2 (4-4) 


In the above expressions 6, and 62 represent the angle by which the output 
lags the input, neglecting the initial 180° phase shift through the amplifier. 
The frequency dependence of the gains in the high- and low-frequency range 
is to be seen in Fig. 4-1. 

The frequency range from fi to f2 is called the bandwidth of the amplifier 
stage. We may anticipate in a general way that a signal, all of whose Fourier 
components of appreciable amplitude lie well within the range f, to fo, will 
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Fig. 4-1 A log-log plot of the gain characteristics of an RC-coupled amplifier. 
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pass through the stage without excessive distortion. This criterion must be 
applied, however, with extreme caution, as will be indicated later. 


4-2 STEP RESPONSE OF AN AMPLIFIER 


An alternative criterion of amplifier fidelity is the response of the amplifier 
to a particular input waveform. Of all possible available waveforms, the most 
generally useful is the step voltage. In terms of a circuit's response to a step, 
the response to an arbitrary waveform may be written in the form of the super- 
position integral. Another feature which recommends the step voltage is the 
fact that this waveform is one which permits small distortions to stand out 
clearly. Additionally, from an experimental viewpoint, we note that excellent 
pulse (a short step) and square-wave (a repeated step) generators are available 
commercially. 

As long as an amplifier can be represented by a single-time-constant 
circuit, then the correlation between its frequency response and the output 
waveshape for a step input is that noted in Chap. 2. The nonzero rise time t, 
and percentage sag or tilt P introduced by the amplifier are related to the 
high and low 3-dB frequencies, respectively, by Eqs. (2-33) and (2-14): 


fale = 0.35 (4-5) 
and 
Pix rf x 100% (4-6) 


where f is the frequency of the testing square wave. 

Quite generally, even for more complicated amplifier circuits than the 
uncompensated single stage, there continues to be an intimate relationship 
between the distortion of the leading edge of a step and the high-frequency 
response. Similarly, there is a close relationship between the low-frequency 
response and. the distortion of the flat portion of the step. We should, of 
course, expect such a relationship, since the high-frequency response measures 
essentially the ability of the amplifier to respond faithfully to rapid variations 
in signal, while the low-frequency response measures the fidelity of the amplifier 
for slowly varying signals. An important feature of a step is that it is a combi- 
nation of the most abrupt voltage change possible and of the slowest possible 
voltage variation. 

An important experimental procedure (called square-wave testing) is to 
observe with an oscilloscope the output of an amplifier excited by a square- 
wave generator. We shall see later that it is possible to improve the response 
of an amplifier by adding to it certain circuit elements which then must be 
adjusted with precision. It is a great convenience to be able to adjust these 
elements and to see simultaneously the effect of such an adjustment on the 
amplifier output waveform. The alternative is to take data, after each 
successive adjustment, from which to plot the amplitude and phase responses. 
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Aside from the extra time consumed in this latter procedure we have the 
problem that it is usually not obvious which of the attainable amplitude and 
phase responses corresponds to optimum fidelity. On the other hand, the step 
response gives immediately useful information. 

It is possible, by judicious selection of two square-wave frequencies, to 
examine individually the high-frequency and low-frequency distortion. For 
example, consider an amplifier which has a high-frequency time constant of 
1 ysec and a low-frequency time constant of 0.1 sec. A square wave of half 
period equal to several microseconds, on an appropriately fast oscilloscope © 
sweep, will display the rounding of the leading edge of the waveform and 
will not display the tilt. At the other extreme, a square wave of half period 
approximately 0.01 sec on an appropriately slow sweep will display the tilt 
and not the distortion of the leading edge. 

It should not be inferred from the above comparison between steady-state 
and transient response that the phase and amplitude responses are of no — 
importance at all in the study of amplifiers. The frequency characteristics 
are useful for the following reasons. In the first place, much more is known 
generally about the analysis and synthesis of circuits in the frequency domain 
than in the time domain, and for this reason the design of coupling networks 
is often done on a frequency-response basis. Second, it is often possible 
to arrive at least at a qualitative understanding of the properties of a circuit 
from a study of the steady-state response in circumstances where transient 
calculations are extremely cumbersome. Finally, it happens occasionally 
that an amplifier is required whose characteristics are specified on a frequency 
basis, the principal emphasis being to amplify a sine wave. 


4-3 THE RC-COUPLED AMPLIFIER 


A cascaded arrangement of common-cathode (CK) vacuum-tube stages is — 
shown in Fig. 4-2a and of common-emitter (CE) transistor stages in Fig. 4-2b. 
The output Y, of one stage is coupled to the input X: of the next stage via a 
blocking capacitor C, which is used to keep the d-c component of the output 
voltage at Y, from reaching the input X;. The resistor A, is the grid leak and 
the plate (collector) circuit resistor is R, (R.). The cathode resistor R,, the 
emitter resistor R,., the screen resistor R,., and the resistors 2, and R, are 
used to establish the bias. The bypass capacitors, used to prevent loss of 
amplification due to negative feedback, are C, in the cathode, C, in the emitter, 
and C,, in the screen circuit. There are also present interelectrode capaci- 
tances in the case of a tube and junction capacitances if a transistor is used. 
These will be taken into account when we consider the high-frequency response, 
which is limited by their presence. In any practical mechanical arrangement 
of the amplifier components there are also capacitances associated with tube 
sockets and. the proximity to the chassis of components (for example, the 
body of C;) and signal leads. These stray capacitances will also be considered 


Fig. 4-2 A cascade of (a) common-cathode (CK) vacuum-tube stages or 
(b) common-emitter (CE) transistor stages. 


later. We shall assume that the active device operates linearly, so that small- 
signal models will be used throughout this chapter. 


4-4 LOW-FREQUENCY RESPONSE OF AN RC-COUPLED STAGE} 


The effect of the bypass capacitors C,, C., and C,, on the low-frequency 
characteristics will be discussed later. For the present we shall assume that 
these capacitances are arbitrarily large and act as a-c short circuits across R,, 
R,, and R,., respectively. A single intermediate stage of either of the cascades 


C, 


Fig. 4-3 Aschematic representation 
of either a tube or transistor stage. 
Biasing arrangements and supply 
voltages are not indicated. 


Sec. 4-4 . WIDEBAND AMPLIFIERS (UNCOMPENSATED) / 117 


Fig. 4-4 (a) The low-frequency model of an RC-coupled amplifier; (b) an 
equivalent representation. For a tube: I = gnVi, Ro = Tp, R, = R,, Ry = R,, 
and R; = ©. Fora transistor: I = hyels, Ro ~ 1/hoe, Ry = RiR2/(R, + R), 
Ry, = R., Ri = hie, Ry = R:Ri/(Ri + Ry), and Ri = R.R,/(R. + R,). 


in Fig. 4-2 may be represented schematically as in Fig. 4-3. The resistor R, 
represents the grid-leak resistor for a tube and equals R, in parallel with R, 
if a transistor stage is under consideration. The resistor R, represents R, 
for a tube and R, for a transistor. 

The low-frequency equivalent circuit is obtained by neglecting all shunt- 
ing capacitances and all junction capacitances, by replacing A» by its input 
impedance R,, and by replacing A, by its Norton's equivalent, as indicated in 
Fig. 4-4a. For a vacuum tube R; = ©; the output impedance is R, = ry (the 
plate resistance); and J = g,,V; (transconductance times grid signal voltage). 
For a transistor these quantities may be expressed in terms of the CE hybrid 
parameters as in Sec. 1-3; R; ~ hie (for small values of R.), Ro = 1/Noe (for a 
current drive), and J = h,-Js, where I, is the base signal current. Let R, 
represent A, in parallel with R, and let R; be R; in parallel with R, Then 
replacing J and R, by the Thévenin’s equivalent, the single-time-constant 
high-pass circuit of Fig. 4-4b results. Hence the lower 3-dB frequency is 


1 

1 Sa + RDC | a 
This result is easy to remember since the time constant equals C; multiplied 
by the sum of the effective resistances R’, to the left of the blocking capacitor 
and R; to the right of C,. For a vacuum-tube amplifier R, = R,> Ry». 
Since R, < R, because Ri is R, in parallel with R,, then R, > Ri and fi ~ 
1 / 2nC; ply. 


EXAMPLE It is desired to have a sag or tilt of no more than 10 percent when 
a 50-Hz square wave is impressed upon an amplifier stage. The output-circuit 
resistance is R, = 1K. What minimum value of coupling capacitance is required 
if 

a. Vacuum tubes with R, = 1 M are used? 

’. Transistors with R; = 1 K are used? 
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Solution a. From Eqs. (4-6) and (4-7), with f = 50 Hz and P < 10 percent, 


100xf; 1 


P oS S60 
lace alae (AEG AT 8 


or 


1 
Cc. > ——— 
>= 10(R, + RD) 


Since R, = 1 M and R, < R, = 1 K, then Cy > (1/10’) F = 0.1 uF. 


b. From Prob. 1-29 we find that for a transistor Ro > 1/ho. = 40 K and hence 

Ri, = R, = 1K. If we assume that R, > R; = 1 K, then Ri, + 1K. Hence 
1 
Cp > —————~ F = 50 wu F 
* = (40)(2,000) . 

Note that because the input impedance of a transistor is much smaller than that of 
a tube, a coupling capacitor is required with the transistor which is 500 times 
larger than that required with the tube. Fortunately it is possible to obtain 
physically small electrolytic capacitors having such high capacitance values at 
the low voltages at which transistors operate. 


The value R; = 1 K is reasonable for a grounded emitter transistor. If, 
however, an unbypassed emitter resistor 2, is used, then the input impedance 
is increased [Eq. (1-50)] by approximately h,.R., to the order of 10 K or 
higher. Under these circumstances C; can be reduced greatly, perhaps by a 
factor of 10. Now, however, because of the degeneration introduced by R., 
the magnitude of the midband gain is much smaller. 


Phase Distortion In the above illustration fi = 1/27(0.1) = 1.6 Hz. 
Since the fundamental frequency is f = 50 Hz, then f/fi = 50/1.6 = 31, and 
every frequency in the Fourier series of the input signal is at least 31 times 
the 3-dB frequency. Since, from Eq. (4-1), |Ai/Ao| = (1 + 1/312)-? = 0.9995, 
then the amplification of all harmonics may be taken identical. Hence the 
signal lies well within the passband of the amplifier as far as the low frequencies 
which determine the flat top of the wave are concerned. And yet the hori- 
zontal portions of the input are distorted into a 10 percent tilt in the output 
waveform. We shall now demonstrate that the reason for this apparently 
anomalous situation is to be found in the extreme sensitivity of the shape of the 
output to a shift in phase of the fundamental frequency component. 

A symmetrical square wave of unity amplitude and of fundamental 
frequency f has a Fourier series, 


= : (sin a + ¢8in 3a + $sin 5a + * : *) (4-8) 


in which a = 2rft. Consider first only the influence on the square wave of 
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Fig. 4-5 Modification of a square wave 
because of the phase shift of the 
fundamental. 


t-°” 


the phase shift of the fundamental. The phase shift is, from Eq. (4-3) 
ooh 
oe 


for small angles. The output is obtained by replacing a in Eq. (4-8) by 
a -+ 6; The waveform is then modified by 


dv = =| sin (« i — sin a| 


Since, for small angles, cos (f/f) ~ 1 and sin (f,/f) ~ fi/f, this equation 
reduces to 


, 


6; = arctan = 


Av = - cos a = 8 cosa (4-9) 


where 5 = 4f1/xf. The waveform, modified by the addition of Av, is shown in 
Fig. 4-5,. The percentage tilt is 


P= 26 X 100% = ae X 100% (4-10) 


For fi/f = sr, P = 8.1 percent. To take into account the effect of the phase 
shift of the remaining harmonics (which will, incidentally, change the cosine 
tilt into a linear tilt), we need but note that the nth harmonic is of relative 
amplitude 1/n and is shifted in phase 1/nth as much as the fundamental. 
Therefore the above result may be corrected by writing 


Pa=si(it+ e+e +a ac: -) = 8.1 x 1.23 = 10% 


This result agrees with the value P = 10 percent given above. 


4-5 HIGH-FREQUENCY RESPONSE OF A VACUUM-TUBE 
RC-COUPLED AMPLIFIER STAGE! 


For frequencies above the midband range we may neglect the reactance of 
the large series capacitance C,. However, we must now include in Fig. -4-2 
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Fig. 4-6 The high-frequency model of an 
Pee RC-coupled stage using a pentode. 


the output capacitance C, from Y, to ground and the input capacitance C; 
from X_ to ground. To these capacitances must also be added the stray 
capacitance to ground. If the sum of all these shunt capacitances is called C, 
then the high-frequency model of Fig. 4-6 can be drawn. In order to keep 
the input capacitance C; as small as possible, a pentode, rather than a triode, 
is used for the tube. (See Sec. 1-7.) Hence, rp is of the order of magnitude 
of a megohm, as is also R,, whereas FR, is at most a few kilohms. Therefore 
the parallel combination of these three resistors can be approximated by Rp 
without introducing appreciable error. As predicted above, the amplifier 
stage at high frequencies behaves like a single-time-constant low-pass circuit. 

Hence, the upper 3-dB frequency f and the rise time ¢, are given by 


1 
fr = IaR,C 


In the midband region, where the shunting effect of C can be neglected 
(X. >> Ry), the output voltage is V. = —gnRpVi, and hence the midband 
gain A, = V./V; (for Rp K rp and R, < R,) is given by 


A, = —gnlty (4-12) 


The rise time of the amplifier may be improved by reducing the product 
R,C. Every attempt should be made to reduce C by careful meghanical 
arrangement to decrease the shunt capacitance. The rise time may also be 
lessened by reducing R,, but this reduces simultaneously the nominal amplifier 
gain. A figure of merit which is very useful in comparing tube types is 
obtained by computing the ratio of the nominal gain to the rise time in the 
limiting case where stray capacitance is considered to have been reduced to 
zero. Alternatively we may define the figure of merit F as the product of 
A, and fz, From Eqs. (4-11) and (4-12) we have, since C = C; + C,, 


t, = 2.2R,C * (4-11) 


Fs |Addf2 = K-48) 


Ym 
2nr(C, + Ci) 
Since f2 >> fi, the bandwidth fz — fi ~ fzand |Ao|f2 = F is called the gain-band- 
width product. It should be noted that f. varies inversely with plate-circuit 
resistance whereas A, is proportional to R,,*so that the gain-bandwidth 
product is a constant independent of Rp. It is possible to reduce R, to such 
a low value that a midband gain |A,| = 1 is obtained. Hence the figure of 
merit F may be interpreted as giving the maximum possible bandwidth 
obtainable with a given tube if R, is adjusted for unity gain. For video 
pentodes such as the 6AK5, 6BH6, 6AU6, 6BC5, and 6CL6, values of gn 
ranging from 5 to 11 millimhos (mA/V) and values of C, + C; from 7 to 
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20 pF are obtainable. The value of F for all these tubes lies between 80 and 
120 MHz, which is attained with the 6AK5. 

An amplifier with a gain of unity is not very useful. Hence, let us 
assume that |A.| is at least 2. Then f, = F/|A.| = 60 MHz for the 6AK5 
tube. The corresponding rise time is #, = 0.35/60 usec = Gnsec. Ina practi- 
cal circuit, the inevitable extra stray capacitance might easily reduce the band- 
width by a factor of 2. Hence we may probably take a rise time of 12 nsec 
or a bandwidth of 30 MHz as a reasonable estimate of a practical upper limit 
for an uncompensated tube amplifier using lumped parameters. If the desired 
gain is 10 instead of 2, the maximum 3-dB frequency is about 6 MHz. 

The highest transconductance available in tubes is about 50 millimhos 
and is obtained with frame grid pentodes having very close (0.05 mm) grid- 
to-cathode spacing. For example, the Amperex type 7788 pentode has 
gm = 50 mA/V and C, + C; = 20 pF, corresponding to F = 400 MHz. With 
this tube a 3-dB frequency of about 20 MHz is possible with a gain of 10. 
If more bandwidth is needed, then distributed amplifiers are used (Sec. 5-8). 

The above discussion is valid for any stage of a tube amplifier, including 
the output stage. For this last stage C., representing the input capacitance to 

the following stage, is missing and its place is taken by any shunt capacitance 
' of the device being driven (say a cathode-ray tube). Since the input imped- 
ance of a transistor cannot be represented by a parailel resistance-capacitance 
combination, the analysis of an internal stage differs from the final stage. 
In the next section we consider the output stage and then we shall proceed 
to the analysis of an internal stage of a cascade of transistors. 


4-6 FREQUENCY RESPONSE OF A TRANSISTOR STAGE— 
THE SHORT-CIRCUIT CURRENT GAIN 


Consider a single-stage CE transistor amplifier—or the last stage of a cascade. 
The load Ry, on this stage is the collector-circuit resistor, so that R. = Rr. 


Fig. 4-7 The hybrid-II circuit for a single transistor with a resistive 
load Rx. Typical values for a high-frequency transistor are 

rey = 100 Q, tre = 1/gue = 1K, tee = 1/gue = 4M, ree = 1/Gee = 

80 K, Cy, = C. = 100 pF, Cy. = C, = 3 pF, and g, = 50 millimhos 


(at Ie = 1.30 mA and Vez = 6 Vv). 
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Fig. 4-8 Approximate equivalent 
circuit for the calculation of the short- 
circuit CE current gain. 


To analyze the frequency response of the transistor amplifier we use the 
hybrid-II model of Sec. 1-4. The equivalent circuit of the transistor with a 
resistive load Ry, is shown in Fig. 4-7. In the caption, representative values 
of the circuit components are specified for a transistor intended for use at high 
frequencies. We shall use these values as a guide in making simplifying 
assumptions. 

The approximate equivalent circuit from which to calculate the short-cir- 
cuit current gain is shown in Fig. 4-8. A current source furnishes a sinusoidal 
input current of magnitude J,, and the load current is Iz. We have neglected 
gv'c, Which should appear across terminals B’F, because gure K gore. And of course 
ce disappears because it is in shunt with a short circuit. There is an additional 
approximation involved in that. we have neglected the current delivered directly 
to the output through gs, and C,. We shall see shortly that this approxima- 
tion is justified. 


The load current is J, = —gnVo., where 
Vere = me) (4-14) 
go'e + jo(C. + Ce) 
The current amplification under short-circuited conditions is 
Apa Be —$ (4-15) 


- Ti; ie 9b’e + jo(Ce + C.) 


Using the result given in Eq. (1-11), also noted in Fig. 4-8, that gv. = gm/Nye, 
we have 

enema (4-16) 

1 + j(F/fo) 
where the frequency at which the CE short-circuit current gain falls by 3 dB 
is given by 
— ___ Woe = 1 ___ Ym “3 

fo= 5, 4G) ~ In Ia(C, + Co) cae 
This frequency is also represented by the symbols f,,. and fae. The frequency 
range up to fg is referred to as the bandwidth of the circuit. Note that the 
value of A; at w = 0 is —hy., in agreement with the definition of —hy,, as the 
low-frequency short-circuit CE current gain. 
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Since for a single-time-constant circuit the 3-dB frequency f2 is given by 
fe = 1/2xRC, where RF is the resistance in parallel with the capacitance, we could 
have written fs by inspection as 


fou 1 
os Qary(C. + C.) 


in agreement with Eq. (4-17). 
The Parameter fr We introduce now fr, which is defined as the frequency 


at which the short-circuit common-emitter current gain attains unit magnitude. 
Since hy, >> 1 we have, from Eqs. (4-16) and (4-17), that fr is given by 


ae = 9m ~ gm z 
fr a hyefp “Ts 2r(C, + Cd) a QnC, (4 18) 


since C,>>C.. Hence, from Eq. (4-16), 
= nen! (eae hye 
1 + jhye(f/fr) 


The parameter fr is an important high-frequency characteristic of a transistor. 
Like other transistor parameters its value depends on the operating conditions 
of the device. Typically the dependence of fr on collector-to-emitter voltage 
and emitter current is as shown in Fig. 4-9. Note that it does not require a 
very large change in operating conditions to change fr by a factor of 2. 

Since fr ~ hy.fs this parameter may be given a second interpretation. It 
represents the short-circuit current-gain-bandwidth product; that is, for the CE 
configuration with the output shorted, fr is the product of the low-frequency 


A (4-19) 


Pt Tt | ete | | 
Pt | | Me | tt 
Z| 


0 05 1.0 15 2.0 2.5 Vor, V 
Fig. 4-9 Contours of constant fr versus emitter current and 
collector voltage for type 2N501A p-n-p germanium MADT 
' transistor. (Courtesy of General Instrument Corporation.) 
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A; (AB) = 20 log |A;| 


20 log Are 


6 dB/octave = 20 dB/decade 


0 
log fg logfr log f 
Fig. 4-10 The short-circuit CE current gain versus frequency (plotted 
on a log-log scale). 


current gain and the upper 3-dB frequency. For our typical transistor (Fig. 
4-7) fr = 80 MHz, and fs = 1.6 MHz. It is to be noted from Eq. (4-18) that 
there is a sense in which gain may be sacrificed for bandwidth and vice versa. 
Thus, if two transistors are available with equal fr, the transistor with lower 
hye Will have a correspondingly larger bandwidth. 

In Fig. 4-10, A; expressed in decibels (i.e., 20 log |Ail) is plotted against 
frequency on a logarithmic frequency scale. When f<fp, A: ~ —hy. and 
A; (dB) approaches asymptotically the horizontal line A; (dB) = 20 log hye. 
When f > fs, |A:| ~ hyefe/f = fr/f, so that A; (dB) = 20 log fr — 20 log f. 
Accordingly, A; (dB) = 0 dB at f = fr. And for f > fs the plot approaches 
as an asymptote a straight line passing through the point (fr, 0) and having 
a slope which causes a decrease in A; (dB) of 6 dB per octave or 20 dB per 
decade, The intersection of the two asymptotes occurs at the “corner” 
frequency f = fs where A, is down by 3 dB. 

Earlier we neglected the current delivered directly to the output through 
ge and C.. Now we may see that this approximation is justified. Con- 
sider, say, the current through C.. The magnitude of this current is wO Vere 
whereas the current due to the controlled generator is gmVse. The ratio 
of currents is wC./gm. At the highest frequency of interest fr we have, from 
Eq. (4-18), using the typical values of Fig. 4-7, 


wl, _ QafrC, _ _—C 
Ym Ym C. + C. 


In a similar way the current delivered to the output through g,, may be shown 
to be negligible. 

The frequency fr is often inconveniently high to allow a direct experi- 
mental determination of fr. However, a procedure is available which allows 


= 0.03 
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a measurement of fr at an appreciably lower frequency. We note from Eq. 
(4-16) that for f >> fs we may neglect the unity in the denominator and write 
|Aidf ~ Ayefs = fr from Eq. (4-18). Accordingly, at some particular fre- 
quency f; (say f, is five or ten times fs) we measure the gain |Aj|._ The param- 
eter fr may be calculated now from fr = f:|Au|. In the case of our typical 
transistor, for which fr = 80 MHz and fs = 1.6 MHz, the frequency f; may be 
fi = 5 X 1.6 = 8.0 MHz, a much more convenient frequency than 80 MHz. 

The experimentally determined value of fr is used to calculate the value of 
C, in the hybrid-II circuit. From Eq. (4-18) 


= Im 
C.= nfs (4-20) 
The Parameter f. In addition to fr and fg, still another parameter f, is 
used to characterize the high-frequency performance of a transistor. This 
parameter fa is called the short-circuit common-base cutoff frequency and is the 
frequency at which the short-circuit CB current gain « has fallen by 3 dB from 
its low-frequency value. The current gain a is given by 


a 


Qo 

T+ 507) ae 
in which a, is the low-frequency value of a and f, is the common-base cutoff 
frequency. We find in Prob. 4-6 that fa = fshye * fr. Although it is expected 
that f, and fr should be very close in value, experimentally it is found that in 
diffusion transistors fa ~ 1.2f7, whereas in drift transistors f, ~ 2fr.  Dif- 
fusion transistors are transistors in which the base doping is uniform, so that 
minority carriers cross the base entirely through diffusion. In drift transistors 
the doping is nonuniform, and an electric field exists in the base that causes a 
drift of minority carriers which aids the mechanism of diffusion. 

The reason for the discrepancy is to be found in the fact that our lumped- 
circuit equivalent representation of the transistor is simply not accurate 
enough. By way of example, consider Eq. (4-21), which predicts that at 
f =fa, |a| = a/+/2 and predicts also that a has undergone a 45° phase shift 
in comparison with its low-frequency value. This calculated amplitude 
response is in close agreement with experiment, but the phase-shift calculation 
may well be far off. It is found, empirically, that the discrepancy between 
calculation and experiment can be very substantially reduced by introducing 
an ‘‘excess-phase” factor? in the expression for a, so that Eq. (4-21) becomes 


a etl fa (4-22) 


Qo 
1 + j(f/fa) 
In this equation m is an adjustable parameter that ranges from about 0.2 for 
a diffusion transistor to about unity for a drift transistor. 
Another parameter related to the high-frequency operation of a transistor 
is fuax. This parameter gives the frequency at which the power gain (under 
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matched conditions of generator and load impedances) is reduced to unity. 


It is the maximum frequency of operation of a transistor oscillator and is given 
by 


= Sr 
foax = Very C a2) 


The parameter fmax is not of immediate applicability in amplifier circuits. 


4-7 CURRENT GAIN WITH RESISTIVE LOAD 


To minimize the’ complications which result when the load resistor A, in 
Fig. 4-7 is not zero, we shall find it convenient to deal with the parallel combina- 
tion of gy- and C, using Miller's theorem of Sec. 1-7. We identify Vi. with 
V; in Fig. 1-7 and V., with V;. On this basis the circuit of Fig. 4-7 may be 
replaced by the circuit of Fig. 1-9, which is repeated in Fig. 4-lla for con- 
venience. This circuit is still rather complicated because it has two inde- 
pendent time constants, one associated with the input circuit and one associ- 
ated with the output. We shall now show that in a practical situation the 
output time constant is negligible in comparison with the input time constant 
and may therefore be ignored. Let us therefore delete the output capacitance 
C.AK — 1)/K, consider the resultant circuit, and then show that the reintro- 
duction of the output capacitance makes no significant change in the perform- 
ance of the circuit. 


C.(1 + &mRz) 


(b) 

Fig. 4-11 ‘(a) Approximate equivalent circuit for calculation of response ofa 
transistor amplifier stage with a resistive load; (b) further simplification of the 
equivalent circuit. 
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Since K = V.c/Vere is the stage amplification, we shall normally have 
|K|>>1. Hence gy-(K — 1)/K = go. Since goeK gee (Toe ~ 4 M and 
Te ~~ 80 K), we may omit g,, from Fig. 4-11la. In a wideband amplifier Ry, 
seldom exceeds 2 K. The conductance g,. may be neglected compared with 
R, and the output circuit consists of the current generator g,V.. feeding the 
load Rr, as indicated in Fig. 4-11b. Even if the above approximations were 
not valid for some particular transistor or load, the analysis to follow is still 
valid provided that Rz, is interpreted as the parallel combination of the col- 
lector-circuit resistor, re. and 15-c. 

By inspection, K = V../Vi. = —gmlz, and with g, = 50 millimhos and 
R, = 2,000 2, K = —100. For this maximum value of K the conductance 
gve(1 ~ K) ~ 0.025 millimho is negligible compared with g,, ~ 1 millimho. 
Hence the circuit of Fig. 4-1la is reduced to that shown in Fig. 4-11b. The 
load resistance R, has been restricted to a maximum value of 2 K because at 
values of R, much above 2,000 © the capacitance C.(1 + gmt) becomes 
excessively large and the bandpass correspondingly small. 

Now let us return to the capacitance C.(K — 1)/K = C., which we 
neglected above. For AR, = 2,000 Q, 


RiC. = 2 X 10? X 3 X 107” = 6 XK 10-* sec 
The input time constant is 
Tye[C. + C1 + gmRx)] = 103(100 + 3 X 101)10-12 = 403 x 10-* sec 


It is therefore apparent that the bandpass of the amplifier will be determined 
by the time constant of the input circuit and that in the useful frequency 
range of the stage the capacitance C,, in the output circuit will not make itself 
felt. Of course, if the transistor works into a highly capacitive load, this 
capacitance would have to be taken into account and it then might happen 
that the output time constant would predominate. 
The circuit of Fig. 4-116 is different from the circuit of Fig. 4-8 only in 
that a load Rx has been included and that C, has been augmented by gnf1C.. 
_ To the accuracy of our approximations the low-frequency current gain Ay. 
under load is the same as the low-frequency gain A, with output shorted. 
Therefore 


Aro = —hye 


However, the 3-dB frequency is now f2 (rather than fs), where 


- 1 _ Ms _ 
f= oO = eh 


where 


C = C. + C.(1 + Gnfer) : ( (4-25) 
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4-8 TRANSISTOR AMPLIFIER RESPONSE TAKING 
SOURCE IMPEDANCE INTO ACCOUNT 


In the preceding discussions we assumed that the transistor stage was driven 
from an ideal current source, that is, a source of infinite resistance. We 
now remove that restriction and consider that the source has a resistive 
impedance R,. We may represent the source by its Norton’s equivalent, 
as in Fig. 4-12a, or by its Thévenin's equivalent, as in Fig. 4-12b. At low 
frequencies the current gain Aro = I1/I: = —GmVore/gueVore = —hye, from 
Eq. (1-11). Therefore the low-frequency current gain, } taking the load and 
source impedances into account, is 


I, ti; R, —hyR, 


T q; I = — hye R, + Top’ + Tole 7 R, + hie 


since Aie = Ts + Tse. Note that Ar, is independent of Rz. The 3-dB fre- 
quency is determined by the time constant consisting of C and the equivalent 
resistance R shunted across C.. Accordingly, 


1 
fr = ORC 
in which C is given by Eq. (4-25) and R is the parallel combination of R, + ro: 
and ry, namely, 
(Re + Tw) oe 
R, + hie 


From Eq. (1-21) and the results of Sec. 1-6 we have that the voltage gain 
Aveo at low frequency, taking load and source impedances into account, is 


(4-26) 


(4-27) 


R= (4-28) 


Ave = Atw PE = x (4-29) 


Note that Ayso increases linearly with Ry. The 3-dB frequency for voltage 
gain Ay, is also given by Eq. (4-27). Note that fo increases as the load 


+ See Sec. 1-6 for the definitions of the various current and voltage gains. 


-  @ o * 


Fig. 4-12 (a) A transistor is driven by a generator of impedance 2, which is 
represented by its Norton's equivalent circuit. (b) The generator is represented 
by its Thévenin’s equivalent. 
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resistance is decreased because C is a linear function of Ry. At Rr = 0 
the 3-dB frequency is finite (unlike the vacuum-tube amplifier, which has 
infinite bandpass for zero plate-circuit resistance) and, from Eq. (4-20), is given 
by 


a 1 _ fr _ fs = 
= FeRGFO) ~ ak wk Be % a 
For R, = 0 this quantity is of the order of fr/5 ~ 10fs and for R, = 1 K | 
(and Rr = 0), fe ~ fr/25 ~ 2fs. Of course, for Rx = 0 the voltage gain is 
zero. In practice, when Rz, ~ 0, much lower 3-dB frequencies than those — 
indicated above will be obtained. 

As noted in Sec. 1-6, the equality in 3-dB frequencies for current and volt- 
age gains applies only in the case of a fixed source resistance. The voltage 
gain Ay (for the case of an ideal voltage source) and the current gain Ar (for 
the case of an ideal current source) do not have the same value of fz. In the 
former case R, = 0 and in the latter case R, = ©. Equation (4-27) applies 
in both cases provided that for Ay we use R = Ry, where, from Eq. (4-28), 


= wT ve _ ToTd'e rs 
am Te’ + Tore hee (431) 


and for A; we use R = Ry, where 
Rr = The (4-32) 
Since Ry < Rr, the 3-dB frequency fey for an ideal voltage source is higher 


than fer for an ideal current source. 
The gain-bandwidth product is found in Prob. 4-9 to be 


|Avuofal _ Gm Rt fr Ri 


"DOR Lie La Res + te (293) 


= f T R, : 
lAtahil = TE BafsCRs Re ha Sti 

The quantities f2, Aro, and Ays which characterize the transistor stage 
depend on both Rz; and R,. The form of this dependence, as well as the order — 
of magnitude of these quantities, may be seen in Fig. 4-13. Here fz has been 
plotted as a function of Rr, up to Rz = 2,000 Q, for several values of R.. The 
topmost f. curve in Fig. 4-13 for R, = 0 corresponds to ideal voltage source 
drive. The current gain is zero and the voltage gain ranges from zero at 
Rr = 0 to 90.9 at Rr = 2,000. Note that a source impedance of only 100 & 
reduces the bandwidth by a factor of about 1.8. The bottom curve has 
R, = © and corresponds to the ideal current source. The voltage gain is zero 
for all Ry if R, = ©. For any Rz, the bandwidth is highest for lowest R,. 

In the case of a vacuum-tube stage of amplification, the gain-bandwidth 
product is a useful number. It does not depend on the plate-circuit resistance 
and no driving generator impedance enters into the discussion. The gain- 
bandwidth product depends only on the tube parameters and serves as a figure 
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Fig. 4-13 Bandwidth f2 as a function of Rx with source impedance as a 
parameter for an amplifier consisting of one CE transistor whose parameters 
are given in Fig. 4-7. Also the gain-bandwidth product for a 50-22 source is 
plotted. The tabulated values of |Av..| correspond to Rr = 2,000 & and to 
the values of R, on the curves. The values of [A reol are independent of 21. 


of merit for the tube. The constancy of the gain-bandwidth product is useful 
in assuring us that the extent to which we sacrifice gain is exactly the extent 
to which we improve bandwidth, and vice versa. In the case of a transistor 
amplifier consisting of a single stage, the gain-bandwidth product is ordinarily 
not a useful parameter. It is not independent of R, and Ry and varies widely 
with both. The current-gain—bandwidth product decreases with increasing Ry 
and increases with increasing R,. The voltage-gain-bandwidth product 
increases with increasing R, and decreases with increasing R,. Even if we 
know the gain-bandwidth product at a particular R, and R, we cannot use the 
product to determine the improvement, say, in bandwidth corresponding to a 
sacrifice in gain. For if we change the gain by changing R, or Rz or both, 
generally the gain-bandwidth product will no longer be the same as it had 
been. 

The important formulas for a single-stage CE amplifier are summarized 
in Table 4-1. Also included in the table are the results (obtained in Sec. 4-10) 
for an internal stage of a chain of cascaded stages. 
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TABLE 4-1 CE transistor amplifier summary 


gm 


Pega) Nt SEL 
1 
f= aeRO t, = 2.2RC 
Single stage: Av, = Anl,/Rs The collector-circuit resistance is designated by Rx. 
—hyR, —hy Ry 
Ato ™ > Aveo = 
be R, + hie ve R. + hie 
. (Re + Tob Tore 
Rk = ——_ cC=#C.+ C1 mle. 
R, + his © pete 
R. 
|Aveofal = fr 2 


t+ Qaf: TC RL Ry + te 


Cascaded stages (internal stage): Av = An = A. The parallel combination of the 
collector-circuit resistance and the effective resistance at the base is designated by R. 


R = Rpm C=C, + C41 + mR) 
IAs © TERROR, Bea 
Rie TG a ean 
(fa)max = fie for R. = 0 
4-9 TRANSIENT RESPONSE OF A TRANSISTOR STAGE 


From the preceding analysis we see that the frequency response of the transistor 
stage driven from a resistive source and working into a resistive load is that 
of a low-pass circuit with a single time constant r. For such a network, the 
response to a unit input step is given by A,(1 — <7), where A, is the steady- 
state voltage. The rise time ¢, of this exponential waveform is given by 
Eq. (2-33), 


If a current generator of impedance R, applies a step of current J at the 
transistor input, then 


hyeRel 


wer R, + he a- e72thst) (4-35) 
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If the source is a voltage generator which supplies a step of voltage V, then 
the output voltage is 


AypeRLV_ 
~ BR, + hie 


In each case f, depends on R, and R, in accordance with Eqs. (4-27), (4-28), 
and (4-25). The rise time increases linearly with Rz since ¢, is proportional 
toC = C.+ C.(1 + gmRx). 

For an ideal current source (R, = ©) the current gain is |A1,| = Aye, and 
it follows from Eq. (4-34) with wr = 2xfr that 


vb = (1 — e-tent) (4-36) 


_ 1 _ hye 
T= = tt oC R1) (4-37) 
4-10 CASCADED CE TRANSISTOR STAGES? 


We consider now the operation of one transistor amplifier stage in a cascade 
of many stages. Such a cascade is shown in Fig. 4-14. We have omitted 
from this diagram all supply voltages and components, such as coupling capaci- 
tors, which serve only to establish proper bias and do not affect the high- 
frequency response. The collector-circuit resistor R, is included, however, 
since this resistor has an effect on both the gain and frequency response. The 
base-biasing resistors 2, and Re in Fig. 4-2b are assumed to be large compared 
with #.. If this condition is not satisfied, then the symbol R, represents 
the parallel combination of R:, Re, and the collector-circuit resistance. A 
complete stage from collector to collector is included in the dashed box. We 
define the current gain of the stage to be A;, = I2/J:. A comparison of Fig. 
4-14 with Fig, 4-12 reveals that each stage behaves like a current generator 
of impedance R, = R, delivering current to the following stage. We define 
the voltage gain to be Ay = V2/V;. Since we have specified V; as the voltage 
precisely at the stage input, then Ay is the gain for an ideal voltage source. 
We shall now prove that Ar, = Ay for an infinite cascade of similar stages. 
In a long chain of stages the input impedance Z; between base and emitter 
of each stage is identical. Let Z; represent Z; in parallel with R,. Accordingly 


Fig. 4-14 An infinite cascade of CE stages. The dashed box encloses one stage. 
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Fig. 4-15 The equivalent circuit of the enclosed stage of Fig. 4-14, 


Z = Vi/11 = Vs/I2, 80 that 2/1 = Ar = V2/Vi = Ay in this special case. 
‘We shall now calculate this gain Ar, = Ay = A. For this purpose Fig. 4-15 
shows the circuit details of the stage in the dashed box in Fig. 4-14. Also 
shown is the input portion of the next stage so that we may take account 
of its loading effect on the stage of interest. The symbol K used in the 
expression C’.(1 — K) for one of the capacitors is K = V../Vo. The elements 
involving gy. have been omitted since, as above, their omission can be shown 
to introduce little error. 
The gain A, = I,/I, at low frequencies is given by Eq. (4-26) except with 
R, replaced by R., and we have 


= —hyR. z 
as ~ R. + hie (4 a) 
To calculate the bandwidth we must evaluate K. From Fig. 4-15 we 
obtain for K an unwieldy expression. Since K is a function of frequency, 
the element marked C.(1 — K) is not a true capacitor but rather is a complex 
network. Thus in order to proceed with a simple solution which will give 
reasonable accuracy we shall use the zero-frequency value of K. We shall 
show below that the response obtained experimentally will be somewhat 
better than that predicted by this analysis and hence that we are erring in the 
conservative direction. At zero frequency K = K. = —gmfz, in which Rr is 
the resistive load on the transistor from C to E and consists of R, in parallel 
with ro + Tre = hie. Therefore 


= chia e 
Ru= RT (4-39) 


and the capacitance is 
C=C.+ C1 + gmRz) (4-40) 


The gain is A = [0/11 = —gmVye/I1, where Vos = Vor. represents the voltage 
across C. Instead of calculating Vi. directly from the input network of 
Fig. 4-15 we again make the observation that this is a single-time-constant 
circuit. Hence we can calculate the 3-dB frequency fz by inspection. Since 
the capacitance C is charged through a resistance F consisting of rp. in parallel 


134 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 4-10 


with R. + rs, or 
R= (BR. + Teo) To" 


BR. Fh ay 
the 3-dB frequency is 
1 
fa = aR (4-42) 


This half-power frequency is the same for the current gain and voltage gain. 
In using the approximation K = K, = —g,,R, we are making a conserva- 
tive error, since K, is the maximum magnitude of K and is attained only at 
zero frequency. Using K, leads to the largest value of shunt capacitance C 
and consequently to an overly low estimate of the bandwidth fo. 
From the above equations the gain-bandwidth product is found to be 


[Apa lmss O ele s — ee 
2 2nC Re + ry 1 + QafrC. Rt Re + rey 


- where Rx depends upon R, as indicated in Eq. (4-39). 


(4-43) 


Gain and Bandwidth Considerations Our only adjustable parameter is 
R, and we now discuss its selection. At one extreme, if we set R, = 0 
we would simply shunt all output current away from the following transistor. 
As a matter of fact, it seems initially not unteasonable to set R, arbitrarily 
high so as to avoid this shunting effect. However, as we reduce R, and thereby 
lose gain, a compensating advantage appears. A reduction of R, reduces 
Rr in Eq, (4-39) and also reduces R in Eq. (4-41). The reduction in R, 
reduces C = C,+ C.(1 + gnFz), and this reduction together with the reduc- 
tion in RF increases f2, as is seen in Eq. (4-42). It may be that a decrease in 
gain may be more than compensated for by an increase in fs. To investigate 
this point we differentiate the gain-bandwidth product |A.fa{ with respect to 
R.. Setting the derivative equal to zero we find that a maximum does occur. 
The value of R, for which this optimum gain-bandwidth product is obtained 
is designated by (R.)op: and is given by 


hy ; 
R.)opp = —=— ; 4-44 
(Re)ops pea (4-44) 
with 
_ hy. hie 
— G+ Oe ts: a 


In Fig. 4-16 we have plotted the gain, the bandwidth, and the gain- 
bandwidth product. The maximum which is apparent [at R. = 360 Q, as 
found from Eq. (4-44)] is not particularly pronounced.*. Nevertheless there 
is enough of a falling off at values of R, above or below (R.) opt SO that it may be 
worthwhile to operate near the maximum. It is important to bias the tran- 
sistor so that at the quiescent point. a. large value of fr is obtained (Fig. 4-9). 
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Fig. 4-16 Gain |Adl, bandwidth f2, and gain-bandwidth product |Aofe| 
as a function of R, for one stage of a CE cascade. The transistor 
parameters are given in Fig. 4-7. 


Note in Fig. 4-16 that |A.f2| remains roughly constant for values of R, in 
the neighborhood of (R-) ope or for larger values of R.. Hence, for a cascade of 
stages (as distinct from the single stage considered in Sec. 4-8) the gain-band- 
width product takes on some importance as a figure of merit. For our typical 
transistor fr = 80 MHz, whereas the constant value of |Aofe| in Fig. 4-16 is 
approximately 40 MHz, or 0.5/r. The authors have found that a good 
general rule in choosing a transistor as a broadband amplifier is to assume 
Af. ~ 0.6fr. This conclusion is based upon calculations on more than twenty 
transistors for which the hybrid-II parameters were known. These had values 
of fr ranging from 700 kHz to 700 MHz. In each case (R.)opt Was found 
and the value of A,f2 at this optimum resistance was calculated. All values 
of gain-bandwidth product were in the range between 0.4fr and 0.8fr. The 
values of Aofz were also calculated for several values of R, besides (R.)opt, and 
it was confirmed that the gain-bandwidth product remained constant over & 
wide range of values of R.. 

It must be remembered that bandwidth cannot be exchanged for gain 
at low values of gain because Aof2 is not constant for small values of R, or Ao. 
The maximum value of fs, which occurs at R, = 0, is given by 


LGie< J — Jrhis (4-46) 
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For our typical transistor (f2)max = 17 MHz, as indicated in Fig. 4-16, and 
this value of bandwidth is obtained only at zero voltage gain. 

The design of the pulse amplifier represents, as usual, a compromise 
between gain and bandwidth. If A, is specified, then the load R, which must 
be used is found from Eq. (4-38). Then the bandwidth which will be obtained 
is found from Eq. (4-42). On the other hand, if the desired rise time #, is 
specified, then f2 = 0.35/t, substituted into Eq. (4-42) will not allow a direct 
calculation of R.. The reason for the difficulty is that R depends upon R, 
and that C = C.+ C.(1 + gmRz) is also a function of R. through Rz, as 
given in Eq. (4-39). Under these circumstances an arbitrary value of R,, 
say 1,000 Q, is chosen and f is calculated. If this value is larger (smaller) 
than the desired value of f2, then the next approximation to R, must be larger 
(smaller) than 1,000 2. By plotting fz versus R, the desired value of R, can 
be found by interpolation. 

The approximations which we have made in this analysis are valid if Rz is 
less than 2,000. Since Rz is the parallel combination of R, and hie ~ 1,1002, 
there are no restrictions on the magnitude of R.. As R.— ©, Ry = hi, and 
A, = —hy. The asymptotic limits in Fig. 4-16 are found to be |A,| = 50, 
fe = 0.59 MHz, and |A.f2} = 29.5 MHz. 

The important results obtained above for an internal stage of a cascade 
are summarized in Table 4-1 on page 131. These formulas are not valid 
for the first or last stage. For the first stage the equations in Table 4-1 for a 
single stage apply, provided that the load Rz is taken as the collector-circuit 
resistance in parallel with the input resistance of the second stage, 


Rehie 


REM Foo he 


For the last stage in a cascade use the formulas for a single stage, with R, equal 
to the collector-circuit resistance R, of the preceding stage and with R, equal 
to the R, of the last stage. 


- ADT RISE-TIME RESPONSE OF CASCADED STAGES? 


We have seen that one stage of an amplifier, whether of the tube or transistor 
type, behaves like a circuit with a single time constant 7. If the midband 
gain is A, the high-frequency transfer function is A,/(1 + jwr) for a single 
stage. It is convenient to carry out a transient analysis in the complex- 
frequency s plane (or the Laplace domain). Using this notation and with 
Vi(s) = the input voltage and V.(s) = the output voltage, then 


V..(s) A, 


Vis) 1+ a7 
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Since the gains of cascaded stages are multiplicative, the transfer function for 
n identical stages is 
Tos) _ Vols) _ __Ae® 
T(s)  V(s) (i+ 7)" 
If the input is a step V, then V(s) = V/s. The output function has an 
nth-order pole at s = —1/r and a first-order pole at s = 0. Defining the 
normalized response y and the normalized time by 


= vell) ae 
Y= av and r=7 


we find from the inverse Laplace transform that 


(4-47) 


a? x grt _ 
yoi-[iteth+ht -- +q=mls (4-48) 
If it is observed that the polynomial in the brackets is the first n terms of the 
power-series expansion of e+*, then this equation can be written in the form 
grt 


y= ES + @+i! + °° |= (4-49) 


Near the origin (x = 0) the curves start out like x. Therefore the first n — 1 
derivatives are zero. As n increases there is introduced into the response 
a progressively larger delay. This is observed in Fig. 4-17, where the response 


Response 
y 


10 


0.8 


0.6 


0.4 


Fig. 4-17 Response [y = v.(t)/Ao"V] of cascaded identical uncompensated 
stages. (Adapted from Ref. 4, fig. 1-25.) 
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for the cases n = 1 to n = 10 is shown. We also note that the rise time ¢,( 
(for n stages) increases with n. 

By determining the time between 0.1 and 0.9 values from the graph in Fig. 
4-17 we can calculate t,™, For a single stage (n = 1), ¢t, = 2.27. Values of 
1, /t, have been tabulated in Table 4-2. Also listed are values of 1.1 +/n, 
which we see is an excellent empirical approximation for #, /t,. 

From Table 4-2 we see that if we wish to have an overall bandpass of 
1 MHz with a two-stage amplifier, then the upper 3-dB frequency of each 
must be 1.5 MHz. If 1 MHz is desired with a three-stage amplifier, then 
each (identical) stage must be 1.9 MHz wide, ete. 

It will be shown in the next chapter that even for a circuit which is more 
complicated than a single RC combination the rise-time—bandwidth product 
remains approximately constant at 0.35. This result suggests that we try 
to calculate the rise time from the bandwidth. The upper 3-dB frequency 
for n cascaded amplifiers is f2“) and may be computed from 


1 n 1 . 
Sn i) ee 4-50 
Fa + marl V2 om 
so that 
PS sige Ne (4-51) 


fx Vie 7 
Therefore, if we assume that tf. = tf, we have 


(nm) 
ae ere, (4-52) 


Laie — 1 
Values of (2'/" — 1)-! are also listed in Table 4-2. Note the very good agree- 
ment with the correct values of rise-time ratios. 
The delay associated with the curves of Fig. 4-17 may be specified by the 
time required for the response to go from 0 to 0.5. We see that each stage 
beyond the first introduces the same amount of delay. For n amplifiers, the 


TABLE 4-2 Comparison of exact rise-time ratios with ratios given by square-root 
rule and bandwidth rule 


1 Bg. (4-49 
r q. ¢ »)| 
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delay is given approximately by (n — 0.3)RC. This delay is not ordinarily 
considered as a distortion. 

From the above discussion we may expect that, at least approximately, 
the following rule applies with respect to the overall rise time t, of n noniden- 
tical stages. If the rise time of the individual amplifiers is ty, fra, . . . y ben 
and of the input waveform rise time is ty, then the output-signal rise time is 
given (to within 10 percent) by 


ty = LV tro? F ts? + tea? Fo Eben” (4-53) 


Having considered the rise-time response of cascaded stages we shall now 
inquire into the flat-top response of such cascaded stages. Before doing so, 
however, let us investigate all possible causes for a tilt in the step response 
of an amplifier. We already know that the blocking capacitor between stages 
is one contributor to such a tilt. In the next two sections it is shown that the 
screen, cathode, and emitter bypass capacitors also affect the tilt in the 
amplifier output waveform. 


4-12 EFFECT OF SCREEN BYPASS ON LOW-FREQUENCY RESPONSE 


The screen-grid circuit consists of a voltage-dropping resistor 2,, and a 
capacitor C,, from screen to ground, as in Fig. 4-18. If a positive step voltage 
is applied to the grid, the plate current increases and hence so does the screen 
current. At ¢ = 0, the screen voltage V,, is at its quiescent value. As time 
passes, the capacitor must discharge to a steady-state voltage equal to the 
plate-supply voltage minus the new value of the screen current times R,.. 
Therefore there is a droop in screen voltage with time and a corresponding 
tilt in the output plate voltage. The waveshape is similar to that encountered 
if too small a blocking capacitor C, is used. 

The method of calculating the size of the screen capacitor to keep the tilt 
below a certain value is best illustrated by a numerical example. Consider 
a 6CL6 with a quiescent current of 20 mA and V,, = 150 V. Because of a 
step input to the grid, the plate current increases to 30 mA. What is the 


Fig. 4-18 Use of a screen-dropping resistor and 
a bypass capacitor to supply screen bias 
voltage. 
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minimum value of C,, if the tilt is to be less than 10 percent for a 50-Hz square 
wave? 

The screen current for a 6CL6 is approximately one-fourth the plate 
current. Hence, the screen quiescent current is 5 mA and the screen current 
under signal conditions is 7.5 mA. The difference, or 2.5 mA, must come 
from the screen capacitor, and this current will discharge the capacitor. If 
we assume that the plate current is approximately proportional to the screen 
voltage, then we can allow only 10 percent drop in V,., or 15 V. Thus 


AVec = (aro (4-54) 


where ¢ is the time for half a cycle = 0.01 sec. Thus 


_ (AI,,.)é¢ — 2.5 X 107% ee ok 
Co = “RY, = ip X* 10 F = 1.7 pF 
This is a reasonable value, and hence screen grids are usually bypassed. 
When it is desired to decrease even the small tilt which might be intro- 
duced by the screen circuit and when an appropriate low-impedance screen 
power supply is not available, the screen may be fed from a cathode follower 
whose grid is at a fixed voltage with respect to ground. If the screen current 
changes by 2.5 mA, as in the above illustration, and if the cathode-follower 
output impedance is, say, 400 2, then the change in screen voltage is only 


2.5 X 10-§ X 400 = 1 V. 


4-13 EFFECT OF AN EMITTER (OR A CATHODE) BYPASS 
CAPACITOR ON LOW-FREQUENCY RESPONSE 


If an emitter resistor R, is used for self-bias in an amplifier and if it is desired 
to avoid the degeneration and hence the loss of gain due to R., then we might 
attempt to bypass this resistor with a very large capacitor C,. The circuit is 
indicated in Fig. 4-2. It will be shown that if the input is a square wave, the 
output is a square wave with a tilt similar to that due to the coupling capacitor 
between stages. 

In the analysis it is convenient to use the hybrid-II model of Fig. 4-7, At 
low frequencies we may neglect the capacitances C, and C,. We have already 
demonstrated in Sec. 4-6 that for the usual parameters encountered in a pulse 
amplifier the conductances gy, and g-e may also be taken as zero. The equiv- 
alent circuit, subject to these approximations, is given in Fig. 4-19a. 

A current 7 causes a drop rp/e% across r;/, and, as a consequence, the collector 
current is 1, = Yms'ely = hyety. The current 7, = i, + t = (hye + 1)%. If the 
impedance in the emitter lead is Z.(s), then, as a consequence of the current 
(8), the drop across Z, is (hye + 1)Z.(s)i,(s). Therefore, looking into termi- 
nals EN from the input side we see an impedance (h;, + 1)Z,. The current 4, 
may be determined, accordingly, from the equivalent circuit of Fig. 4-190. 


x 
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(a) a () 


Fig. 4-19 (a) The low-frequency hybrid-II equivalent circuit of a transistor with an 
emitter impedance; (b) the equivalent input circuit. 


The time constant r of this circuit is given by the product of C./ (hye + 1) 
and a resistance given by the parallel combination of R’ and R, where 


Ro =Ridhy +1) R= Ret te + toe = Re + hic (4-55) 

so that 
r= _RR'_ Ge 
R+Rhe~ +1 
If the input signal v, is a step of magnitude V, then i = V/R att = 0+ 
(because the capacitor acts as a short circuit) and = V/(R + R’) att = © 


(because the capacitor behaves as an open circuit). Since the output voltage 
is 


(4-56) 


1 = —ieRy = —gmRisre = —GmRiroe = —hy. Rite (4-57) 
then, using Eq. (2-3), 
3 ro hyeRiV R —t{t - 
Vo = R+ Rk l+tPpe (4-58) 


If t<r, then we may expand the exponential and, retaining only the linear 
term, we obtain 


hyeltiV R’ .¢t 
YOST (1 cee) (59) 
The percentage tilt in the output is 
_ Rt _— Ap + Dt - 
P= Rt RR; xX 100% = “RG, xX 100% (4-60) 


Note that the tilt is independent of R. and Rz provided that the tilt is small. 

Assuming R, = 0, let us calculate the size of C, so that we may reproduce 
a 50-Hz square wave with a tilt of less than 10 percent. Using the parameters 
of our typical transistor, namely, hye = 50, Tre = 1 K, ro = 100 @, and with 
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Fig. 4-20 The equivalent circuit of a pen- 
& tode stage (r, >> R:+ Ry) with a cathode 
impedance. 


t = 0.01 sec for one-half a cycle, 


_ (61)(0.01)(100) 
Cs = “Tr 100)(10) = 


For a 1 percent tilt, C, would have to be at least 46,000 uF! If R, = he = 
1,100 2 then R is doubled and C, is cut in half. Such large values of capaci- 
tance are impractical and it must be concluded that if accurate reproduction of 
the flat top of a square wave of low frequency is desired the emitter bias resistor 
must be unbypassed. The flatness will then be obtained at the sacrifice of 
gain because of the degeneration caused by R.. If the loss in amplification 
cannot be tolerated, R, cannot be used. 

If the active device is a pentode instead of a transistor, the equivalent 
circuit of Fig. 4-20 must be used. From a comparison with Fig. 4-19a it is 
clear that the above analysis remains valid for a tube, provided that we take 
Toe = ©, To = 0, R, = 0, C, = Ch, and R. = Ry. Since, as ry. approaches 
infinity, 


4,600 uF 


hye + 1 = Jm1b'e + 1 
R 


Tote a 


the percentage tilt is, from Eq. (4-60), 
P= oat x 100% (4-61) 
k 


If gm for the pentode is 5 millimhos (one-tenth that of the transistor), then for 
a 1 percent output tilt with a 50-Hz square-wave input the capacitor C, must 
be at least 5,000 uF, still an unreasonable value. 


4-14 FLAT-TOP RESPONSE OF CASCADED STAGES‘ 


If, upon application of a voltage step, one resistance-capacitance coupling 
circuit produces a tilt of P, percent and if a second circuit produces a tilt of 
P, percent, the effect of cascading these circuits is to produce a tilt of P, + 
P, percent. This result applies only if the individual tilts and combined tilt 
are small enough so. that in each case the voltage falls approximately linearly 
with time. We shall now prove these statements. 
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For a step input of amplitude V, the output of the first circuit is Ver’ = 
V(1 — t/ry), in which 7; is the time constant. If this signal is applied to the 
second circuit, of time constant 72 = R.C2, then, neglecting the possible gain 
of the active device, the result may be computed from the equation 


Differentiating this equation with respect to ¢ (remembering that v, = Ry?) 
yields 


The solution for the output voltage v,, subject to», = V at ¢ = 0, is 
%» = —VE+ v( + 7) entits 
71 v1 
“ey ( ae ‘) (4-62) 


Tm «672 

Since ¢/r, is the tilt due to the first network and t/r: is the tilt due to the second 
network, Eq. (4-62) verifies the rule started above: the resultant tilt caused 
by two RC circuits in cascade is the sum of the tilts due to each network. 
Since the output again has a linear tilt, we may extend the result to an arbi- 
trary number of stages, provided only that the net tilt remains small enough 
to be represented by a linear fall. 

It was noted earlier that, within a single amplifier stage, tilt may be 
introduced by the coupling circuit, the screen circuit, and the cathode or 
emitter circuit. Since each of these produces its tilt by a mechanism which is 
independent of the others, the net tilt produced by an individual stage may be 
computed again by simply adding the individual tilts. 

We have seen that one stage of an RC-coupled amplifier, whether of 
the tube or transistor type, behaves like a circuit with a single time con- 
stant r. If the midband gain is A,, then the low-frequency transfer function 
is A./(1 — j/wr), which, in the Laplace domain, may be written for a single 
stage as 

A, _ Avsr 
1+ 1/sr iter 


For n identical stages with a step voltage of magnitude V, the Laplace trans- 
form of the output is 


V { Ast \* _ VA."8"7} 
be iar G + ) ~ (s+ 1/7)" f,08) 
The output function has an nth-order pole at s = —1/r. Taking the inverse 
transform we obtain for y = 2./A."V versus x = t/r , 
1 an} na— 1. 
Y= Go pidge ore) (4-64) 
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~0.5 — 


Fig. 4-21 Normalized low-frequency response of one and five identical cas- 
caded stages to an input pulse (whose trailing edge occurs at z = 0). 


For small values of x, we may write e—* = 1 — x in Eq. (4-64), which then 
reduces to 


y=l—-ne=1-™ (4-65) 


This equation again verifies the fact that the tilt of n identical stages is n times 
the tilt of a single stage. 

A pulse of width ¢, may be considered to be the result of the superposition 
of a positive step which occurs at ¢ = 0 and a negative step att = t,. Suppose 
that a pulse of width ¢, is applied to a cascade of a number of amplifiers with 
identical low-frequency time constants, The response at the end of the pulse 
(for t > t,) may be obtained from Eq. (4-64) by forming the difference 


@e= vo(t) = volt c. ty) 


For very small values of ¢, (more specifically if ¢>> tp), it follows from the 
definition of the derivative that 


dv, dv, 


Va = oi = vo 
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where x, = t>/r. Using Eq. (4-64), we have for ya = va/A.*V 


w= GeO (4-66) 

Let us assume x, = 0.1 = ¢,/r, so that for a single stage there is a tilt 

of 10 percent during the pulse. The response during and after the pulse is 

indicated by the dashed curve marked n = 1 in Fig. 4-21. For five cascaded 

stages the tilt will be about 50 percent during the pulse, and the response 

is indicated by the solid curve (n = 5) in Fig. 4-21. Theoretically for n stages 

there should be n — 1 crossings of the zero voltage axis, but because the attenu- 

ation is so great not all of these are clearly visible in Fig. 4-21. It is of practical 

importance to note that the response to a pulse persists for a very long time 
relative to the pulse itself. 


4-15 CATHODE INTERFACE RESISTANCE® 


In many vacuum tubes there develops with use a cathode interface layer between 
the base metal of the cathode and the active emitting surface of the cathode, 
as shown in Fig. 4-22. The interface compound is a semiconductor compound 
formed as a result of the chemical interaction between the oxide-emitting 
material and the base metal or with some reducing constituent of the base 
metal. The resistance of the interface layer may lie in the range from several 
ohms to several hundred ohms and may therefore have an appreciable influence 
on tube operation. Additionally, the emitting surface and the cathode base 
metal serve as the electrodes of a capacitor, the cathode interface layer acting 
as a leaky dielectric between these electrodes. The overall effect of the inter- 
face layer is to introduce into the cathode a parallel resistance-capacitance 
combination whose time constant, it is found experimentally, normally lies 
in the approximate range 0.2 to 2.0 usec. 

In video amplifiers the effect of cathode interface resistance may well be 
serious. Fora signal whose period is very large in comparison with the interface 
time constant, the principal effect is a loss in gain since the effective transcon- 
ductance of the tube will be reduced from gm to gm/(1 + gmRi), R; being the 


Active emitting 
coating 
Fig. 4-22 Cross section of cathode, showing 
interface layer. Interface layer 


f Yy Base metal 
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interface resistance. An abrupt discontinuity applied to the tube grid will 
appear at the output similarly reduced in amplitude but accompanied by an 
overshoot at the leading edge of the pulse. 

Interface resistance is present to some extent in all tubes with oxide- 
coated cathodes but is usually particularly pronounced in tubes whose cathode 
base material contains a large amount of silicon. Interface resistance is 
inversely proportional to cathode area and is therefore more serious in tubes 
with small cathode areas. Also, since the effect of interface resistance is to 
reduce the effective transconductance by the factor 1 + 9,R,, high-g, tubes 
are particularly sensitive to interface effects. Interface resistance increases 
with the total number of hours that the cathode has been heated, and the 
end of the useful life of a tube may be the result of interface resistance rather 
than loss in cathode emission. 

A second disease which is often characteristic of video amplifier tubes has 
the popular designation “slump.” The term is applied to a tube which 
behaves as though there were present in the cathode a parallel resistance- 
capacitance combination with a time constant in the range of several seconds. 
The response of such a tube to an input negative step is an output positive 
step which gradually slumps to a lower voltage level. The origin of “slump” 
is not well understood. The effect is often a source of difficulty in the design 
of d-c amplifiers for cathode-ray oscilloscopes. 
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‘ WIDEBAND AMPLIFIERS 
(COMPENSATED) 


By adding a few passive circuit elements to the basic amplifier con- 
figurations discussed in the preceding chapter improved character- 
istics may be obtained. The rise time may be shortened and the tilt 
may be decreased. These compensated amplifiers are considered in 
detail in the present chapter. 

By employing transmission-line coupling between active elements 
it is possible to extend the bandpass of a vacuum-tube amplifier into 
the hundreds-of-megahertz region. These so-called “distributed 
amplifiers” are also discussed in this chapter. 


5-1 SHUNT COMPENSATION OF A VACUUM-TUBE STAGE!-* 


One of the simplest methods available for improving the rise-time (or 
high-frequency) response of an amplifier without loss of gain is to add 
an inductor L in series with the plate-circuit resistor R,, as in Fig. 5-1. 
This arrangement places L in parallel with the capacitance which 
shunts the stage, and hence the circuit is called a “shunt-compensated” 
or “shunt-peaked” amplifier. 

We can readily see, qualitatively, why the inductor improves the 
high-frequency response. The plate-circuit impedance is now Z, = 
R, + jl and increases with frequency, so that the gain is larger 
than it would be if L were absent. This increase in amplification 
tends to offset the decrease in gain due to the shunting capacitance C, 
whose reactance decreases with increasing frequency. 

The analysis of the uncompensated amplifier discussed in the 
preceding chapter was made in the frequency domain. The gain 
function turned out to be that corresponding to a single-time-constant 
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Fig. 5-1 (a) A shunt-compensated stage; (b) the equivalent circuit if 
tp > R,. 


circuit or, equivalently, the transfer function contained a single pole. Under 
these circumstances we see in Sec. 4-9 that the transient response can be written 
down immediately. For the shunt-compensated stage we shall find a more 
complicated transfer function (one containing two poles and one zero). For ° 
this case a knowledge of the frequency response (the amplitude and phase 
versus frequency) is of very little practical help in finding the transient 
response. Hence, the present analysis will be made in the complex-frequency 
s plane (the Laplace domain) so that the rise-time response can be obtained 
directly. ; 

Since the input circuit for a stage containing a tube is different from that 
using a transistor, each analysis will be considered separately, the former 
in this section and the latter in the next. Since for a pentode r, > Rp, the 
equivalent circuit of a shunt-compensated stage is that given in Fig. 5-1). 
The output voltage equals the short-circuit current times the impedance (or 
divided by the admittance) across the output port [Eqs. (1-1)], or 


eas —gmV;(s) 
Vos) = T70R, + sL) £30 » ee 


The transfer function A(s) is the ratio of output to input voltage, or 


4 V.(s) = —gn(sL + R,) ‘ 
A(s) = [ay = SCL 4+ sCRy + 1 (5-2) 


This function has two poles and one zero and ‘may be written in the form 


V.(s) _ —(m/C)(8 + 80) 
Vials) (8 + 81)(8 + 82) 


It is convenient to introduce the parameters K and f2, defined by 


. Cc _ 1 
KeR le heey | G4) 


(5-3) 
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in which case 


4 
& = ae A = afoK? + xf2K? afi =F (5-5) 


The parameter f2 is, of course, the upper 3-dB frequency of the uncompen- 
sated amplifier (L = 0), and K = 1/Q,. Here Q, is the Q at the resonant 
frequency (w. = 1/+/LC) of the series combination of Rp, L, and C, so that 


Qo = wol/ Rp. 
Let us consider the transient response to an applied step V so that 
V 
V.(s) = rs 


Depending upon whether K is equal to, smaller than, or larger than 2, the 
response will be critically damped, underdamped (oscillatory), or overdamped. 
The results of taking the inverse Laplace transform of V.(s) are given below 
for the various special cases. For convenience we introduce the normalized 
time z and normalized response y given by 


t eee Vo 7 
an a ha 4 (5-6) 


r= 


and we have 


Critical Damping, K = 2 
y = 1 ~— et — Qnxe4* (5-7) 


Underdamped, K < 2 


ae 2 neers 
y= 1 + et ks Faves ca («eK V4 = K? x) 


— cos (rK V4 — Ks) | (5-8) 


Overdamped, K >>2 In this case of large K, 81 ~ 2afeK? and 82 = 2nfs. 
The term in the solution associated with the first of these roots will decay very 
rapidly; we may therefore neglect it and write 


ye 1 — eh = 1 — eR (5-9) 


as is to have been expected. 
From Eq. (5-4) the inductance L is given by 


L = mR,°C (5-10) 


where m = 1/K*. (Both parameters, m and K, are used in the literature.) 
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Fig. 5-2 Response of a shunt-compensated vacuum-tube stage to a unit 
voltage step. (Adapted from Ref. 2.) 


The unit step response for several values of K is shown in Fig. 5-2. As 
the peaking inductor is increased in value, there is a progressive improvement 
in rise time without accompanying overshoot up to the point of critical damp- 
ing. Beyond this point the amplifier response exhibits a progressively larger 
overshoot. The factor by which the rise time is improved (divided) by 
compensation is p = ¢,/t!, in which ¢, and ¢, are, respectively, the rise time of 
the amplifier before and after compensation. The parameter p and the per- 
centage overshoot 7 are plotted in Fig. 5-3. For the case of critical damping, 
m = 0.25, the rise time is improved by the factor 1.43. 

If the frequency response is determined by replacing s by jw in Eq. (5-2) 
it is found that the curve having the most uniform amplitude response (maxi- 
mum flatness) corresponds to K = 1.54. The curve having the most constant 
time delay is given by K = 1.71. The curve for which |A:/A.| = 1 at 
f/fa = 1 is given by K = 1.41. The overshoot y and rise-time improvement 
p for these special cases are summarized in Table 5-1. 


TABLE 5-1 Overshoot and rise-time improvement 


K Characteristic 
2 Critical damping 
1.71 | Most constant delay 
1.54 Maximum flatness 
1.41 |A2/Ao] = Lat f/fz=1 
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Fig. 5-3 Percent overshoot 7 
and rise-time improvement p of a 
shunt-compensated vacuum-tube 


stage. 
m = 1/K?; 
K =R, VC/L. 


The amount of overshoot which is tolerable is very largely a function of 
the application of the amplifier. For example, for an amplifier to be used in 
oscillography, any visible overshoot would be objectionable. On the other 
hand, in television amplifiers, overshoots as large as 5 percent not only may be 
acceptable but may actually improve the quality of the resultant picture. If 
the number of stages used is large, then the overshoot should be kept below 
about 2 percent (Sec. 5-4). 

In the case of no compensation it will be recalled [Eq. (2-33)] that the 
product tf. = 0.35. It is of interest to note that the same rule also applies 
quite well in the present case of shunt compensation. For example, we may 
calculate that for critical damping the amplitude response falls by 3 dB at 
t/fa = +/2. Since we estimated above that in this case the rise time was 
divided by the factor 1.43, we have that 


FP 9 t, ya = 
Sit, = V2 fe Tag © Sate = 0.35 


where, here, ¢ and f; are the rise time and bandwidth for critical damping. 

An initial estimate of the peaking inductance required may be made by 
estimating the total shunt capacitance. The required inductance is usually 
in the range 1 to 100 «.H. Adjustable coils are available for this application, 
and the final adjustment is made experimentally by the method of square-wave 
testing. The inductance is changed by varying the depth of insertion into 
the coil form of a powdered-iron slug. The square-wave frequency is set so 
that the half period of the square wave is several times the rise time and the 
inductance is adjusted to give the type of response most suitable for the appli- 
cation for which the amplifier stage is intended. 
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5-2 SHUNT COMPENSATION OF A TRANSISTOR STAGE 
IN A CASCADE! 


The circuit in the dashed box of Fig. 4-15 is a complete stage,’ collector to 
collector, in a cascade of stages. This complete stage is redrawn in Fig. 5-4 
with the addition of the shunt-compensating inductor L. The capacitor 
C=C.+ C1 — K). As before, we use the low-frequency gain K = K, 
in the calculation of C. Since at low frequencies the inductor acts as a short 
circuit, K, is unaffected by L. Hence, C is given by Table 4-1 (and is repeated 
in Table 5-2, on page 156, for convenience). 

The transfer function (current gain or voltage gain, since in Sec. 4 10 we 
show that the two are identical) has the same form as Eq. (5-3), namely, 


72(s) este (gm/C)(s + 80) : 
Ti(s) (8 + 8,)(s + 82) (5-11) 


A(s) = 
where 
eee (5-12) 


L 
1/R. + ro 1 1 Re + Te 1 \ 
=3( jae ic) + a\( a at) 

4 Ret hie 

= Fy Ret bel (5-13) 


We seek to adjust the circuit so that, for an applied step input waveform, 
the output response will have the shortest rise time consistent with no over- 
shoot. The transfer function of Eq. (5-11) has a single zero and two poles, 
just as does the transfer function of Eq. (5-3) for the shunt-compensated 
vacuum-tube stage. In correspondence with that case we might have expected 
that an adjustment which satisfies the condition s: = s2 would ensure no over- 
shoot. However, we shall now find that an additional condition (besides 
81 = S2) must be satisfied if the response is to be monotonic. 


Identical Poles For an input current step J;(s) = I/s. When s; and 82 
are identical, so that 8: = s2 = s;, we have from Eq. (5-11) that 


Fig. 5-4 The equivalent circuit of 
one stage of a cascade of shunt- 
compensated transistor stage: 


hie = Tow + Tore 


Sec. 5-2 _- WIDEBAND AMPLIFIERS (COMPENSATED) / 153 


The final-value theorem of Laplace transform theory is %2.(0) = lim s/2(s). 
. 80 


Hence the steady-state value of the current, the value attained by 72(é) at 


t= ©, is i2(o) = —g,,8,1/Cs,*._ Taking the inverse transform of Eq. (5-14), 
the output current, normalized with respect to this final value, is 
— ~Csrit) » : _ 8i\F ee 
aay ae 1+ st(1 ry € (5-15) 


If the response is to be monotonic, then the slope dy/dt ‘must not be zero 
except, of course, at i= 0. We find for the derivative 


ay (8;2e-*) [é (1 - *) + | (5-16) 


from which it is clear that if s, > s; then 1 — s;/s, > 0, so that there will be 
no value of ¢ for which dy/dt = 0. The magnitude of the zero must equal or 
exceed that of the pole in order to ensure a response without overshoot. In the 
vacuum-tube case it turns out that this condition is automatically satisfied 
since there s, = R,/L and s; = R,/2L. 

From Eq. (5-13) we have, since the quantity within the square root 
must be zero for equal poles, that 


om (Rte 4 1 )- PT Rothe (6:17) 


L TS eC LC To'e 


Since Eq. (5-17) is quadratic in LZ, the equation is satisfied by either of two . 
inductance values. -Correspondingly s; may assume one of two values. The 
larger s,;, the smaller is the rise time, since the exponent in Eq.-(5-15) is propor- 
tional to s;. The smaller L, the larger is s;. After some algebraic manipula- 
tion we find that the smaller value L’ of L that satisfies Eq. (5-17) is 


Li = o(1- (Ete sy 18) 


Using this value of L’ we find that the condition s, > s; imposes on R, the 
restriction 


R, > twhe (5-19) 


The rise time may be determined by using numerical or graphical means 
to calculate from Eq. (5-15) the value of s¢ for which y = 0.1 and again the 
value of st for which y = 0.9. . The difference between the two is si, where ¢ 
is the compensated rise time. From Eq. (5-15) we see that s.’ is a function of 
8;/s) = d. Of more interest than the compensated rise time is the rise-time 
improvement due to compensation, p = t,/t, We have, using i, from Table 
4-1, that 

i,  2.2RC 2.2 8 


p= e = e = ie fajadl a RC (5-20) 
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Using Eqs. (4-41), (5-17), and (5-12) we find that s?RC/s, = (R. + ro)/Re. 
Further, the quantity (s;/s.)s¢, is a function only of the ratio s;/s, = d. 
Therefore 


p= BE ™ BM) (5-21) 
in which$ 
2.2 
BO) = Gad . (5-22) 


The quantity B(d) is plotted in Fig. 5-5 as a function of d. We have already 
proved that s, > s;, and hence the maximum value of d = s,/s,is unity. From 
Eqs. (5-12) and (5-17), with L = L’ 
_ & Sz, 1 1 Too L' 
Oe oT on, ae (e338) 
Since all the parameters in this equation are positive, the minimum value of d 
is 0.5. Hence the abscissa in Fig. 5-5 extends only from 0.5 to 1.0. 

Substituting for L’ from Eq. (5-18) into Eq. (5-23) we obtain, after 

some algebraic manipulation, 
ea Tote (2 + hie = R. + Nie (5-24) 
Tore Tote 

Since at low frequencies the inductance acts as a short circuit, the compen- 
sated midband gain is the same as that of the uncompensated stage. 

We have now completed the analysis on the basis of which we may select _ 
the proper value of inductance and calculate the rise-time improvement for 
the case where we have initially selected FR. so that it satisfies the condition 
given in Eq. (5-19). We shall now show how an overshoot may be avoided 
even when R, is too small to satisfy Eq. (5-19). 


Fig. 5-5 The function B(d). 
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Pole-Zero Cancellation A response without overshoot may also be 
obtained if we arrange for a pole-zero cancellation. For example, if s, = 82, 
then for an applied step I1(s) = I/s, Eq. (5-11) yields 


= pane Lee Gn a 
I,(s) Cs(s + 81) (5 25) 
Taking the inverse transform, we find for the normalized response 
= Csyi2(t) = — eat 
Ga l-—e (5-26) 


which increases monotonically with time. 
“Using Eqs. (5-12) and (5-13) we find that either of the conditions s5 = 81 
or & = 52 leads to the same value L” of inductance, which is given by 


a rere RC 


" 
y Nie 


(5-27) 

The rise time corresponding to the solution given in Eq. (5-26) is 2.2/s1. 
Had we canceled the other pole, so that s, = si, the rise time would have been ° 
2.2/8. Since we are interested in obtaining the fastest possible response, we 
must cancel the smaller pole. This smaller pole is that at se, where 82 cor- 
responds to the minus sign in Eq. (5-18). Accordingly 


R. 1 R. + Too: 1 
Ti <3 Ret fu 4 10) (5-28) | 
Combining Eqs. (5-27) and (5-28), we have the condition on FR, that 
Rete (5-29) 
To'e 


Since from Eq. (5-13) 


c ’ 1 R. 
Bet ti 4 and Se = & = 77 


81 + 82 = aT 
€e 


ol 


then 
gees tae! 1 — Ret hie 
: L” TyreC Raw C 
where we have used the value L” from Eq. (5-27). The’ compensated rise 
time ¢ is now given by 


22 — 22RrC 


(5-30) 


ey Re + hie ae 
From Table 4-1 and Eq. (5-31) we find that 
p= t  R(Re+ hie) _ Reo + Tov’ (5-32) 


u Rave R. 


Since 8; > 82 = S, 81/8 > 1. If we define B(d) = 1 for d = s;/s, > 1, then 
Eq. (5-21) for p may be used for all values of Re. 
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Design Considerations The results derived in this section are summa- 
rized in Table 5-2, which is convenient for reference when designing a shunt- 
compensated stage. The midband gain A, is the same with compensation (L 
in series with R.) as without compensation because at low frequencies the 
reactance of L may be neglected compared with the resistance R.. 

It is interesting to compare the performance of the shunt-compensated 
transistor stage in a cascade with that of a similar tube amplifier. The rise- 
time improvement for the tube (under conditions of critical damping) is 1.43 
regardless of the parameters. For the transistor stage p = [(R. + rw)/R.JB, 


TABLE 5-2 Shunt-compensated CE transistor stage in a cascade 


Notation 
(Re + roo: )rore ReRie 
st = C=C.4+ C1 mit 
Ree Oe RENE Bae Leni 
The low-frequency gain (compensated or uncompensated) or collector resistance 
—h;R. —Adhis 
A, = ——— or Rk. = ———— 
R. + hie A, + hye 


Inductance for Re > revhie/ry. (identical poles) 


2 
L' = re.C ( = fet) 
Toe 


Inductance for Re < rewhie/rwe (pole-zero cancellation) 


L! = Torersb eC 
hie 
Uncompensated rise time 

t, = 2.2RC 
Compensated rise time 


fx 2:2C _toeke 
" " B(d) Re + hie 


Rise-time improvement factor p = t,/t, 


- Re + row 
Re 


_ to (Ret hie ae + hie 
Re Tore Tore 


and B(d) is plotted in Fig. 5-5 and is given in the following table: 


d 0.5 0.55 0.6 0.65 0.7 0.8 0.9 21.0 
B 1.43 | 1.33 1.25 1.18 1.13 1.05 1.01 1.00 


B(d) 


where 


a 
I 
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where B(d) is between 1 and 1.43. It is thus seen that for low values of R. 
shunt compensation is more effective with transistors than with tubes; an 
improvement considerably greater than 1.43 may be attained. With values 
of R, much greater than ry, the parameters d, B, and p each approach 
unity and shunt compensation is less effective with transistor than with tube 
amplifiers. 

The design of a stage for a specified gain A. is straightforward. From 
Table 5-2 we can solve directly for the resistance R, in the collector circuit 
and for the compensating inductance L’ or L’’. Corresponding to these values 
we can calculate the compensated rise time ¢, by first finding C and B from 
the formulas in Table 5-2. However, if the desired rise time t, is specified, 
then the solution is more complicated because of the dependence of t? upon 
resistance R, implicitly through C and B. A method of successive approxi- 
mations can be used,* or we may proceed by assuming various values of FR, 
and obtaining the corresponding rise time i’. From a plot of R, versus tt 
we can find the value of R, which yields the desired rise time. This method 
will now be illustrated. 


saver: 


puensyrnen no memgneotitin retcattit tEAM AACA COTTON LY CO HR TCC 


EXAMPLE Design a shunt-compensated stage for. the transistor whose parame- - 
ters are given in Fig.-4-7 so that a rise time of 40 nsec is obtained. Find R., L, 
and A,. What is the rise-time improvement due to the compensation ? 


Solution The parameters are gm = 5 X 107? mho, fie = 1,000 Q, rw = 100 Q, 
hie = 1,100 9, C. = 100 pF, and C, = 3 pF. We shall now find ¢, as a function of 
R,.. Start with R, = 1,000 9 asa first try. Using the formulas in Table 5-2, 


Rie = (1,000) (1,100) —: 


C=C. + C1 + gnRx) = 100 + (3)(1 + 5 X 10-2 X 524) = 182 pF 


d= Tore R. + hie = (= + me 


R. Tore Tore 


1,000) (2,100 __ /21 ) = 0.65 
1,000/7 \1,000 : 
B(0.65) = 1.18 from Fig. 5-5 


ya 220 roreRe __ (2.2)(182_X 107'?)(1,000) (1,000) 
7 BA) Re + hie (1.18) (2,100) 
This value is very much larger than the desired 40 nsec rise time. Hence, our 


first guess of 1,000 © for R, was much too large. Let us therefore now try R. = 250 
2. Proceeding as above, we find ; 


Rp =20492 C = 134 pF =0.76 B=108  ¢, = 50.5 nsec 


= 161 nsec 


This rise time is still too large, and hence R, must be somewhat smaller. 
Assuming R, = 200 Q, we find 


Rr= 16702 C=+=128pF d=080 B=1.95 = 41.2 nsec 
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Extrapolating from 250 © and 50.5 nsec through 200 2 and 41.2 nsec we obtain 

R, = 195 Q for 40 nsec. Corresponding to R, = 195 we find C = 128 pF and 
B= 1.05. Since 

Twhie _ (100)(1,100) 
Tote 1,000 


Rk. > = 1109 


then we must use the value L’ and not L’’: 


a og. Ne 
Li =72,C (: = et") = (10°)(128 x 10-")(1 — 4/1295)? H 
be 
= 2.44 pH 
che _ = (60)(195) _ a 5g 
Re + he 1,295 
Re + tw (295) (1.05) 
ps Bp cht had ee 
? mR 195 


The above analysis gives the inductance value for the response with- 
out overshoot. Using an adjustable choke of this nominal value the method 
of square-wave testing is used to obtain experimentally the desired type 
of response (perhaps a few patent overshoot) for the application under 
consideration. 


5-3 ADDITIONAL METHODS OF RISE-TIME COMPENSATION® 


Various networks of the type shown in Fig. 5-6 have been suggested for coupling 
the output Y, of one tube stage to the input X. of the next in an attempt to 
improve the rise-time response of a video amplifier. The following termi- 
nology is common in the literature: 


C1=0 I, #0 L, = shunt compensation 

C; #0 [L, #0 I,=0 tuned-shunt compensation 
C1 =0 [y;=0 L, #0 series compensation 

Ci =0 LI, #0 Le #0 __ shunt-series compensation 
Ci ~0 LI, #0 DL. #0 Dietzold compensation 


The detailed analysis of any of these circuits except shunt peaking is very 
involved and will not be considered here. Optimum values of C1, Li, and L2 
are best determined experimentally. The process of adjustment for best 
response is usually quite complicated because the various parameters interact 
with one another. Furthermore, a rise-time improvement of only about 1.5 
is obtained over that for shunt peaking even with the most complicated circuit 
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¥y, Xe 


Fig. 5-6 Four-terminal coupling networks. 


of Fig. 5-6. For these reasons the four terminal coupling networks are not as 
popular as the simple shunt-compensated network. Occasionally one of the 
more complicated networks is used because it makes possible the elimination 
of one stage in a multistage tube amplifier and thus effects a worthwhile 
economy of parts. Similar arrangements are possible also with transistor 
amplifiers, but these more complicated networks have found practically no 
applications. 

In passing, it is interesting to note that the product of bandwidth and 
rise time for any of the networks of Fig. 5-6 remains approximately equal to 
that of the uncompensated stage, or 


fate © Sith = 0.35 (5-33) 


5-4 RISE TIME OF CASCADED COMPENSATED STAGES’ 


When identical stages which individually have overshoot are cascaded, it is 
still possible to make some general rules concerning the overall response. 
These rules apply only very roughly but are nevertheless of some value. 

When the individual stages have very small overshoot, of the order of 
1 or 2 percent, the overshoot increases very slowly with the number of stages 
or may even fail entirely to increase. For example, if the overshoot for a 
single stage is about 1 percent, at 16 stages it has grown to only about 4 percent 
and is still about the same at 64 stages. If the rise time and bandwidth for 
n stages are ¢,) and fo, respectively, then it is found that the equations 
i = L1+W/nt, and fot,” = fet, also hold reasonably well in this case. 

Circumstances are different when the overshoot is in the range 5 to 10 per- 
cent. In this case the rise time increases appreciably more slowly than 
4/n, whereas the overshoot instead grows approximately as ~/n. If, there- 
fore, an amplifier is to have a fairly large number of stages, it is clear that the 
individual stages must be adjusted for very slight or no overshoot. 


5-5 LOW-FREQUENCY COMPENSATION® 


In Sec. 4-4 it is seen that for a step input the amplifier response is not flat- 
topped but exhibits a downward tilt because of the coupling or blocking 
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Fig. 5-7 The decoupling filter Ra and 
Cis used for low-frequency com- 
pensation. For a tube R, = R, and 
R, = R,. Foratransistor, Ris Ri in 
parallel with Ro, the base bias re- 
sistors of Fig. 4-2b, and R, = R,. 


capacitor C,. If, in Fig. 4-2, we add a high resistance R. in series with R, 
or R, which connects to the supply voltage and bypass this resistor to ground 
with a large capacitance Cz we may compensate for the tilt in the output wave- 
form:—The added elements are indicated in Fig. 5-7, which should be com- 
pared with Fig. 4-3. These additional components Ra and Ca are often used 
with a multistage amplifier as a decoupling filter to minimize the interactions 
between stages which result from the use of a common power supply. This 
same decoupling network compensates for the low-frequency distortion intro- 
duced by Cy. Thus at high frequencies (in the midband region) Cz acts as a 
short circuit across Rz, and the gain of the amplifier is determined by R,. 
At low frequencies, however, Cz becomes a large reactance and the effective 
output-circuit resistance increases toward R, + Ra. This increase in ampli- 
fication tends to compensate for the loss in output due to the attenuation 
caused by the reactance of Cy, which increases as the frequency is reduced. 

It is clear from the above qualitative discussion that Rz should be as large 
as possible. Therefore, let us begin the quantitative analysis by assuming Ry 
to be infinite. Furthermore, let us consider that the active device—pentode 
or transistor—is a perfect current source, so that its output impedance may be 
taken as infinite. For a negative step voltage applied to the input a constant 
current J, is delivered, as indicated in Fig. 5-8. The resistance R; is Ry in 
parallel with the input resistance R; of the following stage. 

Since the current J, divides inversely as the parallel impedances, 


1 are | 
A=h+oe and 41 = Ri + 36, 
the Laplace transform of the current.in Rj is (J./s)[Zi/(Z1 + Z2)], or 
_ Ri, R, + 1/sCa ; 
V0) = 5 Ry + RF C/s0/Ca F570) 2 
i, ; Fig. 5-8 The equivalent circuit of Fig. 5-7 for 


the flat-top response, assuming the active 
device behaves as an ideal current generator. 
For a tube R, = R,. For a transistor R; is Ry 
in parallel with 2, the input impedance of the 
next stage. 
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Let R, be the series combination of Ry and R‘, and let C, represent Ca in series 
with Cy, so that 


= q _ Cr 
R, = R, + R; C.= G+ G (5-35) 
Then 
_ R,RiI(s + 1/RyCa) 

Vols) = ~Ris(s + 1/ReCe) oe) 
Taking the inverse Laplace transform we obtain 

yi) = $10 - Der +) (5-37) 
where 

— volt) Re fad 
Y= TRE 7" RC, oe! 
y a Bile _ 1+ C,/C, (5-39) 


RC. 1+Ri/Ry 
Let us inquire about the output waveform as a function of Czor\. The 
results are shown in Fig. 5-9. 
Perfect Compensation, A = 1 
pat (5-40) 


This case corresponds to a flat-topped output, or to perfect compensation. 
Note that \ = 1 or R,Ca = R.C, results in a pole-zero cancellation in Eq. 
(5-36). From Eq. (5-39) we see that this special case of \ = Lis equivalent to 


Ca _ Ri 
Cc, Ry, 
or to 
CR: 
Ca = BR; =C, (5-41) 


10 yatx=0.1 


Fig. 5-9 Normalized output voltage 
response to a step input of a stage 
compensated for low-frequency tilt. 
The parameter ) given in Eq. (5-39) 
is adjusted by means of the com- 
pensating capacitance Cu. 
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We see that perfect compensation corresponds to the case where the two 
branches of the circuit in Fig. 5-8 have the same time constants. The capaci- 
tance C’, for perfect compensation may be quite large. For example, for a 
tube circuit with C, = 0.1 uF, R{ = R, = 1M, and R, = R, = 1 K we find 
C; = 100uF. Fora transistor for which R; is of the same order of magnitude 
as R, = R., Cy = Ch = 50 pF. 


No Compensation, \ > 1 
yet (5-42) 


This case corresponds to no compensation at all (Cz is very large). For 
times small compared with the time constant R,C,, so that x <1, we have 
approximately 


yril—or (5-43) 


Undercompensation, \ = 2 
= $(1 + &*) (5-44) 
and for: <1 


x 


. We see that even if C. is twiée as large as the value C, required for exact. com- 
pensation, the percentage tilt is one-half the tilt of the uncompensated case, 
as may be seen by comparing Eq. (5-45) and Eq. (5-43). 


Overcompensation, \ = } 


laos (5-46) 
and forz <1, 
yr 1l+e (5-47) 


In this case the positive tilt is equal to the negative tilt of the uncompensated 
amplifier. Note that if “overcompensation” (an upward tilt) is observed in 
square-wave testing of an amplifier, it is to be corrected by increasing the 
size of Ca. 

The curves of Fig. 5-9 are unrealistic because of the assumption that Ry 
is infinite. For large values of ¢, the capacitors C, and C, act as open circuits 
and hence eventually all the current must flow through Ra and not Rj. Thus, 
all curves of Fig. 5-9 must eventually drop to zero. For example, the curve 
marked \ = 4 would then have a rounded top. It is to be noted that if a 
square wave were to be applied to the amplifier for testing purposes, we would 
normally select the half period of the square wave to be approximately 0.1R,C,. 
In this case the input square wave would, after transmission through the 
amplifier, have the appearance of one of the curves of Fig. 5-10. 
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(a) (b) (c) 
Fig. 5-10 Low-frequency square-wave response of an amplifier. (a) Ca too 
large; (b) perfect compensation, Cz = CsRi/R,; (¢) Ca too small. 


Finite Ra In the above analysis Rz was infinite. Let us remove this 
restriction and examine the effect of a finite value of Rg. It is desired that 
the output start out as flat as possible, or that dy/dt = 0 at t=0. This 
condition was satisfied for Rz = © by choosing C, in accord with Eq. (5-41). 
Since at ¢ = 0 the capacitor C. acts as a short circuit across Ra, then regardless 
of the value of Rz the output will begin with a horizontal slope, provided that 
Ca = C,R;/R,. For this particular value of capacitance Cz we find in Prob. 
5-17 that the first two terms of the power-series expansion of the normalized 
output voltage are 


Ri 2 
y= 1— BER, in (48) 
where ; 
mae = fa 
OR. rR, ea) 


It is now seen that the tilt is parabolic and not linear and that the initial 
slope is indeed zero. The amount of tilt tobe expected is given by the follow- 
ing example. If the uncompensated tilt is, say, 10 percent, so that z = 0.1, 
then Eq. (5-48) gives a compensated tilt of less than (0.1)?/2n < 100 per- 
cent = 0.5/n percent because R{/(R, + Ry) <1. Hence, even if n = 1 or 
Ra is just equal to R, (instead of Rz >> R,), the tilt is at most 0.5 percent. 
For a pentode Ri = R, > R, and Ri/(R; + Ry) ~ 1, whereas for a transistor 
Ri, may be of the same order of magnitude as FR, and the tilt is reduced even 
further. 

The above theory indicates that the proper procedure for low-frequency 
compensation is to choose Rg as large as possible and then to choose Cy to 
satisfy 


R,Ca = RCs 


The upper limit on FR, is determined by the fact that the quiescent device cur- 
rent passes through R, and that the power supply must be able to furnish this 
voltage drop. 


164 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 5-6 


Tilt Due to Several Sources In Secs. 4-12 and 4-13 it is shown that the 
tilt may be produced not only by the coupling circuit but also by the screen 
and cathode or emitter circuits. Further, the overall tilt is the sum of the 
tilts due to each of these three causes, provided that each sag is small. Let 
the resultant tilt be P percent in the time 7/2 of halfacycle. If the screen and 
cathode or emitter bypass capacitors were arbitrarily large, then this tilt 
would be obtained if the blocking capacitance had an effective value C, given 
by P = 1007T/2R.C,. Hence, it is possible to compensate for the total tilt 
by choosing Cz to balance this effective C,, or from Eq. (5-41) 


_ GR, 100T RR, 50 = 
R,  2PR,R, JPR, R, + R; 


Ca (5-50) 


where f is the frequency of the testing square wave. 


5-6 RISE-TIME COMPENSATION IN THE CATHODE CIRCUIT 


In Sec. 4-13 we see that an unreasonably large bypass capacitor C;, is needed 
across the cathode self-biasing resistor R, in order to prevent low-frequency 
distortion. If no capacitor C; is used, the midband gain is divided by 1 + gn Rx 
because of the feedback in the cathode resistor, but there will be no tilt in the 
output for a step input. Suppose we: now add a small capacitor C, in an 
attempt to improve the high-frequency response. Since the voltage across a 
capacitor cannot change abruptly, C;, acts initially as a short circuit across Rx, 
so that there is no degeneration at the instant that the step is applied, and 
therefore the rise time should be improved. It will indeed be shown below 
that if we adjust R.C, = R,C, the bandwidth will be multiplied by the factor 
1+ gmR:. However, since at the same time the nominal gain will be divided 
by the same factor, then unlike the compensation methods described above 
(shunt peaking, etc.) the gain-bandwidth product will remain unaltered. If 
the circuit served no other purpose than to extend the bandwidth at the expense 
of gain it would be of little interest, since the same end may be achieved by 
the much simpler expedient of reducing the plate-circuit resistance Rp. How- 
ever, since we have here a case of current feedback, this circuit has better 
- stability of gain and more linearity of operation. 


Fig. 5-11 The equivalent circuit of a 
pentode with a cathode impedance. 
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To consider the effect of the cathode impedance on the gain and rise time 
we draw the equivalent circuit in Fig. 5-11. Since for a pentode r, > R, + 
R,, no plate resistance appears in this circuit. A straightforward analysis 
yields for the transfer function 


V.(s) oe, Vt GnZ1 3: 
Vis) T+ gah G5) 


where Z, represents R, and C in parallel, and Z; is the parallel combination 
of Ri and Ck: 


=e gy 
~ 1+ sCR, Fe" T+ sCuRe 


Combining these three equations gives 


V.(s) — _—~9nkby 1+ sCi Re (5-52) 
Vis) 1+s8sCR, 1+ gnRi + sCrRe 


This function has two poles and one zero, and there is the possibility of over- 
shoot in the response to a step input. However, if we choose C, so that 
the zero cancels one pole, then a single time constant remains and a response 
without overshoot is assured. Thus, let 


CR, = CR, (5-53) 
For a step input, so that V;(s) = V/s, 


AV 


s(1 + sr.) (5-54) 


V.(s) = 


where the midband gain A, and the compensated time constant r, are given by 


—gnRp i CR, 


eS TS gaki ~1 T Gake (38) 
The output is 
ee —GmRpV ectlre - 
Uo = Fege ack ) (5-56) 


If the cathode were connected directly to ground, the output would be 
Vo = —GmRpV(1 — et) (5-57) 


in whichr, = R,C. In either case the ratio of gain to rise time is the same and 
equals gn/2.2C. 

In order to see some of the useful features of cathode compensation, 
let us compare two amplifiers, one without and one with cathode compensation. 
The first amplifier, without compensation, has a plate resistor R,. The second 
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amplifier has a plate resistor aR, and a cathode resistor selected to make 
1 + Imlx =a 


The quiescent tube current and voltage are to remain as before, which means 
that the plate resistor af, must be returned to a higher supply voltage. It 
may happen that the cathode resistor selected will furnish the bias required 
for optimum linearity of tube operation. More generally, however, some 
additional external bias will be required. The capacitance C shunting the 
plate to ground is to be the same in both cases. These two amplifiers now 
have the same gain and the same bandwidth. 

One advantage of the compensated amplifier that is readily apparent 
is its greater stability of nominal gain with respect to variation of tube param- 
eters. In the case where the nominal gain is given by —gnaRp/(1 + gmRx) 
the gain will be a less sensitive function of g,, than in the case where the gain 
is given by ~g,R,. In the limiting case in which g,,R, >> 1, the gain for the 
compensated case is simply —aR,/R;, independently of gn. , 

A second advantage of the compensated amplifier is an improvement 
in linearity of operation. The nonlinearity of a pentode amplifier results 
from the variation of transconductance g, with tube current. The effective 
transconductance of the compensated stage is gm/(1 + gnRi). For large 
values of gn, the effective transconductance becomes quite insensitive to 
variations in the g,, of the tube. Additionally, since the load resistor is a times 
as large in the compensated as in the uncompensated stage, the current swing 
in the compensated amplifier will be 1/a times the current swing in the uncom- 
pensated amplifier for the same output signal. Hence for the same output 
signal from the two amplifiers the response of the compensated amplifier will be 
more linear. For comparable linearity in the two cases the compensated stage 
can provide a larger output signal. 

If the capacitor C; were not present, then because of cathode-follower 
action the amplifier would handle a peak-to-peak input signal larger than the 
grid base of the tube. However, it must be emphasized that because of the 
presence of C; the input signal must be restricted in amplitude to the grid base. 
Otherwise the operation of the circuit will be highly nonlinear, as explained in 
Sec. 8-15. 


5-7 HIGH-FREQUENCY RESPONSE OF A STAGE 
WITH AN EMITTER IMPEDANCE 


In Fig. 5-12 there are indicated circuits with emitter impedances. If an 
amplifier is under consideration the output is taken at the collector. Under 
these circumstances we shall show that it is advantageous to bypass the 
emitter resistance, as in Fig. 5-12a (or at least a portion of it as in Fig. 5-12b), 
in order to improve the transient response. On the other, hand, the output 
may be taken across R, if an emitter follower is desired. In this case C., in 
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(a) CF (b) ~ 
Fig. 5-12 Stages with an emitter impedance. These circuits may be 
used either as emitter followers or to provide gain. 


Fig. 5-12a, represents the inevitable shunt capacitance of the load and the - 
stray capacitance. We wish to study the high-frequency behavior of both ° 
these circuits. We shall, for simplicity, assume that Ri, Ro, and C; are so 
large that they have negligible effect on the circuit operation. 

We shall first investigate the effect of an unbypassed emitter resistor R, 
on the high-frequency response of a CE amplifier. Such a circuit is indicated 
in Fig. 1-19a. The equivalent circuit of Fig. 1-190 applies independently of the 
particular model chosen for the transistor and hence may be used at high 
frequencies in connection with the hybrid-II model. Assuming that the current 
gain A; is large compared with unity over the entire passband, then, from 
Fig. 1-19b, we see that the effective collector-circuit resistance is increased 
from R, to Rj, where, if a > 1, then 


Ar— 
Ar 


However, the principal effect of the emitter resistor is to increase the input 
impedance by (1 — Az)R.. Hence, subject to the same reasonable assump- 
tions made in Sec. 4-7, the equivalent circuit is that given in Fig. 4-12 with 
(1 — Ar)R, added to the input and R, added to the output, as indicated in 
Fig. 5-13. The capacitor C is, from Fig. 4-11), 


RO= Ro + PR =R.+ R. (5-58) 


C= C. + CA + gmR,) (5-59) 
The current gain A; is, from Fig. 5-13, given by 
1 greg eemencar 1d Bemeeeyemeeel ae (6-60) 


Le (Vore/ree) + jaCVye  1-+ jwoCree 


since, from Eq. (1-11), hye = Gmtoe. Note that the current gain at low fre- 
quencies is —h,., the short-circuit current amplification, independently of the 
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Re php Re -ArR, op, 


Fig. 5-13. The equivalent high-frequency circuit of a CE amplifier with an 
emitter resistor R.. The effective load is R, ~ RK. + R.. 


emitter resistance. However, the upper 3-dB frequency for current gain 
does depend somewhat on R, because C is a function of Ri and hence R.. 

We shall now demonstrate that —ArR, in Fig. 5-13 is equivalent to a 
resistance in parallel with a capacitance. The admittance Y is 


1 _ a + juCrye ne 1] 5 C 
i? ArR, a hyekee = hyeRe + ae gmk. 


Y= (5-61) 

Hence, — A;R. may be represented by a resistance h,.R, in parallel with a 

capacitance C/gmlt., as indicated in Fig. 5-14a, where Ri = RA, + rw + Re. 
The time constant of the parallel combination is 


C__ bye 


—— = , Cc 
ImPe Ym ms 


hyeRe 
and this is identical with the time constant between B’ and E. Hence the 
circuit may be redrawn as in Fig. 5-14b. Points B” and B’ are at the same 
potential because of the equality of the time constants of the parallel branches 
in Fig. 5-14a (Sec. 2-8). It is now clear that a single-time-constant circuit is 
under consideration. The low-frequency voltage gain Avo, taking the source 
impedance into account, and the 3-dB frequency for voltage gain are found 
from Fig. 5-14b to be 


V hyeR 
eet ea See -62 
Aveo ; R, + R; (5 ) 
and 
_ 1 Re + RB: z 
fr 7 QrCrore R, + ree + R. e ae) 


where F; is the input resistance given by 
Ri = rey + tore + Re(L + hye) = Iie + Re(L + hye) (5-64) 
The gain-bandwidth product is 


, host Ym : R. 
|Avefel = 250 By btw 4 Re 


(5-65) 
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(a) (b) _ 
Fig. 5-14 (a) The impedance — 4/R. in Fig. 5-13 is replaced by a parallel resistor- 
capacitor combination. Also, Ri = R. + rw +R. (b) A circuit equivalent to that 
in (a). 


[compare with Eq. (4-33)]. The effect of adding an emitter resistance is to 

greatly increase the input impedance R,, because hy. >>1. If R, > R:, then 

the circuit behavior is unaffected by the addition of R.. Usually this is an 

unrealistic inequality, and more often the consequences of inserting an unby- 

passed emitter resistor are the following: the voltage gain is greatly decreased, 

the bandpass is greatly increased, but the gain-bandwidth product is decreased 

only slightly Gf R, + 7, > R.). (An unbypassed cathode resistor decreases . 
the gain of a tube amplifier but does not improve the bandpass.) 

The physical reason that the emitter resistor R, improves the bandwidth 
is that, as the frequency increases, the capacitor C/g,,R, in Fig. 5-14 bypasses 
the resistor h;-R, to a greater extent. Hence with increasing frequency the 
current J; increases and the voltage V,. increases correspondingly. And, 
finally, the output increases as well, since the output voltage is proportional 
to Vy. It is therefore reasonable to expect that a small capacitance C, 
placed across R,, as in Fig. 5-12a, will further extend the bandwidth, since 
this capacitance will cause the input impedance to decrease even faster with 
frequency. The calculation of the value of C, required to give, for a step 
input, an output having the fastest risé time without overshoot is quite 
formidable’ algebraically because we no longer are dealing with a single-time- 
constant circuit. The proper value of C, is best found experimentally. A 
reasonable initial choice for C, is based upon the consideration that the par- 
allel impedance of R. and C, should start to decrease significantly at the 3-dB 
frequency fe of the stage with C, = 0, or C, ~ 1/2xR.f2. Incidentally, it is 
interesting to note® that an emitter-compensated stage will generally have a 
smaller bandwidth than a shunt-compensated stage for the same gain. 


Oscillations A practical difficulty with an emitter-compensated stage is 
that it may break into oscillations. We shall now explain why this possibility 
exists and give several methods for minimizing this effect. 
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If we were to attempt a solution for the transient response of Fig. 5-12a, 
we would use the equivalent circuit of Fig. 5-14a with R, replaced by Z,., the 
impedance consisting of R, in parallel with C,. Hence, Eq. (5-61) is now 
modified as follows: 


eee eee mat a ( + JC) 


—ArZ, hye 
__1 _ ww. , . C GC, 
= ioe ge tele t &) (5-66) 


where again use was made of the relationship hy. = gmroe- AS might have 
been anticipated, a capacitance C,/h;. appears in parallel with C/g,R.. How- 
ever, it follows from Eq. (5-66) that these capacitances no longer shunt h,,R, 
but instead are in parallel with a resistance whose value is 


1 hyeRe 


(/hy.R.) — (@CC./gn) ~ T— w°CC.Rarv. (507) 


For sufficiently high frequencies this resistance will be negative. Hence, 
the possibility exists that the input impedance Z; to the amplifier will consist 
of a capacitance shunted by a negative resistance. Under this circumstance, 
where Z; has a negative real part, the transient response may consist of large 
overshoots, or, if the stage is driven from an inductive source, oscillations may 
result. 

Incidentally, it should be noted that not only must Y in Fig. 5-14a be 
modified, as indicated by Eq. (5-66), but that R, and R, contain 2,, which 
must now be changed to Z.. Clearly, to obtain the transient response of 
such a network is a complicated chore. 

The instability discussed above is accentuated if the stage in Fig. 5-12 
is used as an-.emitter follower. In this case the output is taken from the 
emitter, and hence the inevitable shunt capacitance of the load or inter- 
connecting wiring capacitance appears directly across R,. The tendency 
for an emitter follower to oscillate may be minimized in a number of ways. 
The obvious first step is to keep the driving-source inductance as low as pos- 
sible. A resistance 2, may be added to the base so that the net input resistance 
remains positive over the passband of the stage. Alternatively, a resistance 
Ri, may be added in series with the emitter, as indicated in Fig. 5-12b. Since 
this resistance will be reflected into the input circuit as (1 + hy.) Rj, then a 
few tens of ohms in the emitter are as effective as a few kilohms added to the 
base circuit. In either case, the voltage gain is reduced somewhat and there 
is a d-c level shift between input and output. A third way® to improve the 
stability is to use a coil on a lossy ferrite core in series with the emitter. The 
core may be regarded as a resistor in parallel with a small inductor. At high 
frequencies the losses in the core are reflected as a resistance R’, in series with 
the emitter and, as noted above, this tends to suppress the possibility of 
oscillations. Since this technique does not introduce a d-c level shift it is 
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particularly advantageous with emitter followers used in low-level logic cir- 
cuits (Chap. 9). 

The above discussion refers only to the small-signal behavior of the emitter 
follower. For large-signal excitation the transistor acts as a switch, and the 
response under these conditions is discussed in Sec. 8-16. 


5-8 DISTRIBUTED AMPLIFIERS 


Lumped-circuit delay lines (Appendix C) are essential elements in a type of 
pulse amplifier which is referred to as a distributed amplifier. Distributed 
amplifiers are principally effective with vacuum tubes and provide worth- 
while gain over a bandwidth which exceeds appreciably the bandwidth attain- 
able with conventional tube amplifiers. 

In a conventional uncompensated amplifier stage, increased bandwidth 
may be achieved only at the expense of gain. When the stage gain has 
been reduced to unity or less, the stage is no longer useful for the purpose 
of amplification. Furthermore, since the gain of a number of stages in cascade 
is the product of the individual gains, no advantage accrues from cascading 
such stages of unity gain or less. To pursue the matter further, let us com- 
pute approximately the relationship between the gain, the bandwidth, and 
the number of stages in a conventional vacuum-tube uncompensated amplifier. 
The magnitude of the gain of n stages is 


A = (Only) oe) 


in which g, is the transconductance and R, the plate-circuit resistor of a 
stage. In Sec. 4-11 we see that the result of cascading n amplifiers is to 
divide the bandwidth approximately by the factor +~/n. The upper 3-dB 
frequency of an n-stage amplifier is therefore approximately 


Peeeoe: let 
+ RC, 0 
in which C, is the sum of the input and output capacitance in a stage. The 


figure of merit F of a tube may be defined as the product of gain and bandwidth 
and is given by 


(5-69) 


= In 
= OC, (5-70) 
From Eqs. (5-68) to (5-70) we have 
frdn/n =F . (5-71) 


Now as an example of the limitations of the bandwidth capabilities of 
a conventional amplifier let us compute the bandwidth possible in an amplifier 
where the gain is required to be, say, «2 = (2.72)? = 7.4. We shall use the 
type 6AK5 vacuum tube, for which gn = 5.1 millimhos and the sum of the 
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input and output capacitance is 6.8 pF. We shall assume (unrealistically) 
that we may neglect all additional stray capacitance. The figure of merit 
F = (5.1 X 10-*)/(2x X 6.8 & 10712) = 120 X 108 sec—!. We may compute 
from Eq. (5-71) that f2 will be a maximum for a given value of gain if 


=2InA (5-72) 


For a gain A = e?, n = 4 and, from Eq. (5-71), we have fo = 36.4 MHz. 
We have the result, then, that even using a tube of high figure of merit and 
assuming that every conceivable precaution is taken to reduce shunt capaci- 
tance, it is not possible to build a conventional amplifier of gain 7.4 with a 
bandwidth in excess of 36.4 MHz. This situation may, of course, be remedied 
somewhat by the use of some form of high-frequency compensation, But, as 
we noted in Sec. 5-3, a really worthwhile improvement in bandpass is achieved 
only with a circuit of considerable complexity, with its attendant difficulties 
of adjustment, particularly in a multistage amplifier. 

The basic limitation of the conventional cascade of amplifier stages is 
overcome by combining amplifier tubes in the manner indicated in Fig. 5-15. 
Such an arrangement is called a distributed amplifier.° The capacitances - 
C, and Cy represent, respectively, the input and output capacitances of the 
tubes together with the stray or any other capacitances present. A signal 
applied at the input travels down the grid transmission line, reaches each 
grid in turn, and is finally absorbed in the matched termination. Each 
pentode delivers current to the plate line, which is matched at both ends. 
One-half the tube current flows to each plate-line termination. The delays 
per section of the plate and grid lines are adjusted to be identical. Then all 
the current which reaches the plate-line output termination, in response to a 
given input voltage, will arrive at this termination at the same time. If 
the characteristic impedance of the plate line is R,», then it follows that the 


Fig. 5-15 A stage of distributed amplification consisting of n sections. 


Sec. 5-9 WIDEBAND AMPLIFIERS (COMPENSATED) / 173 


gain of an amplifier having n sections is 
A = 3ngnRop (5-73) 


The upper frequency limit of the amplifier may be considered to be deter- 
mined essentially by the cutoff frequency of the delay lines. The cutoff 
frequencies of the plate and grid lines are the same since the delay per section 
is the same for both lines. 

We may observe the following distinctive features. The gain of a dis- 
tributed amplifier is computed by adding the gains provided by each tube 
individually. Hence, even if each tube provides a gain less than unity, 
the overall gain still increases with increasing number of tubes. Further, 
since the cutoff frequency of a delay line is not a function of the number of 
sections, the upper frequency limit of the amplifier is not decreased as more 
tubes are added to increase the gain. 

At low frequencies, where the reactances of the elements of the trans- 
mission lines are negligibly small, the amplifier of Fig. 5-15 may be viewed 
simply as 7 parallel pentodes feeding a plate load resistor Rop/2. Hence 
the gain is given again by Eq. (5-73). However, a simple parallel connection 
of n tubes would not serve a useful purpose, since in such a case the effective 
gm and shunt capacitance would increase in the same proportion. The figure 
of merit F for a parallel combination of tubes is the same as for a single tube. 

- The distributed amplifier arrangement, however, effectively parallels the tubes 
so far as transconductance is concerned, but manages to keep the capacitances 
separate. 

The delay lines indicated in Fig. 5-15 are constructed of prototype sec- 
tions, and the terminations are simple resistors. Actually, of course, any 
of the other types of lines described in Appendix C may be used instead, and 
m-derived half-section terminations may be used to advantage. Any improve- 
ment of the delay lines will improve the performance of the amplifier. 


5-9 DISTRIBUTED AMPLIFIERS IN CASCADE 


In Fig. 5-15 each tube with its portion of transmission line is called a section. 
The combination of n such sections is called a stage. Distributed amplifier 
stages may be cascaded in the conventional sense. Suppose that we consider 
a cascade of m such stages. Then the total number of tubes involved in such 
an amplifier'is N = nm. We may now show that, for a fixed gain, there is an 
optimum arrangement of tubes which reduces to a minimum the number of 
tubes required. 

When stages are cascaded, the output end of the plate line of one amplifier 
must be coupled into the input end of the grid line of the succeeding amplifier. 
Since generally the plate and grid lines will have different characteristic 
impedances, an impedance transformer must be interposed between the lines. 
An impedance-transforming device which matches the grid-line impedance Fo, 
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to the plate impedance R,, will simultaneously produce a voltage transforma- 
tion in the ratio (Rog/Rop)}. Thus, from Eq. (5-73), we have the result that 
the gain from one grid line to the next is 


A = "& p,, Rog _ = WV Rip Ros (5-74) 


If the gain of the entire amplifier of m stages is G, then G = A”, orG/m = A. 
Using Eq. (5-74) to determine n we have 
2mA 2mGin 

Ym WV Rop Rog Im V Roy Rog 

The minimum number of tubes for a fixed gain and fixed line impedances 

is found by setting the derivative dN /dm = 0 in Eq. (5-75). The result ig 

m=InG. ThusG = A™ = e, and when N is adjusted for a minimum, 
A=e (5-76) 

in which ¢ = 2.72. Hence the tubes are used in optimum fashion when each 


stage produces a gain e corresponding to 8.68 dB. From Eq. (5-75) the num- 
ber of tubes per stage is 


N=nm = 


2e 
na = 5-77 
Gm Vv RopRog 


We shall now calculate the bandpass of the distributed amplifier in terms 
of the tube parameters at the specified gain. The characteristic impedances 
of the plate and grid lines are 


Rep = Ve Ruy = 4 Fa (5-78) 


Since the delays of the plate and grid lines are the same, we have from Eq. 
(C-8) that 


L,C0,=L,C, . (5-79) 
and from Eq. (C-5) that the cutoff frequency f, of the lines is 
1 1 


a a 5-80 
tae VLC, xvVL,C, oy 
Using Eqs. (5-80), (5-79), (5-78), and (5-74) with A = ¢ we find that 
fo = ——“Om __ (5-81) 


~ Qres/C,C, 


The bandwidth of one stage is given by f, in Eq. (5-81). When m stages are 
cascaded the overall bandwidth will be reduced. We shall assume that we 
may reasonably apply to a cascade of identical distributed-amplifier stages 
the same rule that applies in the case of conventional stages, namely, that the 
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bandwidth f.™ of m stages is 1/+/ ™ times the bandwidth of one stage. In 
this case we find that the bandwidth f.™ is 


fm = (5-82) 


Fy oe 
a/m Iner/ CC, 

The bandwidth will be a maximum when C, and C, are reduced to a mini- 
mum, that is, when no additional capacitance is introduced and C, = C, is the 
tube output capacitance and C, = C; is the tube input capacitance. In this 
case Eq. (5-82) may be written 


n 


fom = Tama F’ (5-83) 
with 
F a oe 
Qa VA CC: (5-84) 


The parameter F’ is a figure of merit for the tube for distributed-amplifier 
service, just as F in Eq. (5-70) is a figure of merit for a conventional amplifier. 
In Sec. 5-8 we find that, in a conventional cascade when a gain ¢? is speci- 
fied, four tubes should be used and that with 6AK5 tubes a bandwidth of 
36.4 MHz results. Let us now use the same four tubes in a distributed 
amplifier. Weset A = «, asin Eq. (5-76). Hence, for a gain of e*, two stages 
are required, leaving two tubes per stage. We now find from Eqs. (5-83) and 
(5-84) that for the 6AK5 with C,; = 4.0 pF and C, = 2.8 pF, 


2 5.1 X 107? 


= — Seated Hz = 126 MH 
4/2 2.72 Yn V4.0 X 2.8 X 107? : 


F™ 


Hence, the distributed amplifier bandwidth is approximately four times that 
of the conventional amplifier using the same number of tubes and the same 
gain. 

In the analysis above, we specified the overall gain G and found that 
tubes were used most economically when A = «. It can be shown (Prob. 5-26) 
that if we specify both the overall gain G and the overall bandwidth f.™, then 
the tubes will be most economically used if A = ¢. 


Practical Considerations in Distributed Amplifiers The discussion, 80 
far, of distributed amplifiers has been unrealistic in that it has been assumed 
that the frequency range of the amplifier is limited only by the cutoff frequency 
of the delay lines. The fact is, however, that as the frequency increases, the 
impedance seen looking into the grid of the tubes exhibits not only a capacitive 
reactance but a resistive loading as well. The resistive loading at the grid 
has two sources. The first of these is due to the presence of inductance in the 
cathode-to-ground lead of. the tube. The -presence..of such -a .cathode-lead 
inductance results in a conductive component of admittance at the grid. For 
this reason, good construction practice requires that the cathode connection 
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Fig. 5-16 A practical form of a distributed amplifier. Inductances are given in 
microhenrys, and capacitances in picofarads. 


to ground be made as short and direct as possible. But, of course, some 
residual conductive component at the grid will always remain. 

A second and much more important source of conductive loading at 
the grid results from effects due to the finite time of transit of an electron 
across the tube. For a sinusoidal signal, the loading due to transit-time 
effects!! begins to make itself felt when the period of the signal becomes 
small enough to be comparable to the transit time. Each of these components 
of conductance at the grid is proportional to the square of the frequency. The 
severity of this loading with increasing frequency may be noted by observing 
that at 400 MHz the input resistance of a 6AK5 is only 250 9. 

An example of a stage of distributed amplification!? is shown in Fig. 5-16. 
The plate and grid lines are constructed of prototype sections. They are 
terminated in m-derived half sections (Fig. C-9), which serve to improve 
the match between the lines and the terminating resistors. The lines are 
designed to have a cutoff frequency of 400 MHz. The grid line has a character- 
istic impedance of 50 9. This low impedance has been selected to minimize 
the effect, of the loading of the grid line due to transit-time effects. ‘The general 
formulas 

L 1 
Ro and fe 7VLG (5-85) 


a 
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may be solved for Z and C with the result 


_ & 4 
A a (5-86) 
Ps 
la mRofc (5-87) 


The inductance per section of the grid line is calculated from Eq. (5-86) 
with the result L, = 0.04 nH. The grid-line capacitance is calculated from 
Eq. (5-87) with the result C, = 16 pF. After the 6AK5 input capacitance, 
the tube-socket capacitance, and other stray capacitances have been taken 
into account, it is found that an additional 7.5 pF must be added in the grid 
circuit to bring the total to the required 16 pF. 

It is advantageous to make the impedance of the plate line as large as 
possible since the amplifier gain increases with plate-line impedance. The 
impedance would be a maximum if the capacitance per section were kept at a 
minimum. Actually 3 pF of capacitance has been added to each section 
of the line to bring the line impedance down to 93 2. A 93-2 impedance is 
particularly convenient since there is available a commercial coaxial cable 
(RG-62/U) whose impedance is 93 Q. 

The amplifier uses a total of nine 6AK5 tubes. The transit-time loading 
of the grid line is therefore quite heavy, and actually the signal level on the 
grid line falls appreciably as the upper frequency limit of the amplifier is 
approached. This effect, however, is counterbalanced by the fact that the 
impedance of the plate line (as viewed at the point where the tube plates are 
connected) increases substantially as the line cutoff frequency is approached. 
The result is that the gain remains reasonably uniform up to a frequency 
nearly equal to the cutoff frequency. 
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$ 
0 /STEADY-STATE SWITCHING 
CHARACTERISTICS OF DEVICES 


Junction diodes, thermionic diodes,. transistors, and vacuum tubes 
all have extreme regions of operation in which they nominally do. not 
conduct even when large voltages are applied and regions in which they 
conduct heavily even when relatively small voltages are applied. In 
the first of these regions the device is described as being ‘‘off,” ‘‘open,” 
or “nonconducting.” In the latter region the device is said to be 
“on,” “closed,” or “conducting.” When the device is driven from 
one extreme condition to the other, it operates much like a switch. 
In the present chapter we shall be interested only in the steady-state 
characteristics of these extreme end states of the switching operation. 
There is a limit to the speed with which the switching transition 
between the extreme states can be made. This switching speed, 
‘together with other matters relating to the transition between end 
states, is discussed in detail in Chap. 20. 


6-1 THE SEMICONDUCTOR DIODE 


For an ideal p-n junction the-current J is related’ to the voltage V 
by the equation 


I = 1,(¥"¥2 — 1) . (6-1) 


A positive value of J indicates that the current flows from the p to 
the n side. The diode is forward-biased if V is positive, indicating 
that the p side of the junction is positive with respect to the n side. 
The symbol 7 is unity for germanium and is approximately 2 for 
silicon. The parameter 7 takes into account the recombination of 
carriers. in the junction transition region.? Such recombination is 
negligible in germanium but not in silicon. 
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Fig. 6-1 (a) The volt-ampere characteristics of an ideal diode; (b) the volt-ampere 
characteristic for a germanium diode redrawn to show the order of magnitude of 
currents. Note the expanded scale for reverse currents. The dashed portion 
indicates breakdown at Vz. 


The symbol Vr stands for the electron-volt equivalent of temperature 
and is given by 
kT 


Vr = a (6-2) 


in which k is the Boltzmann constant (k = 1.380 X 10-?8 J/°K), e is the 
electronic charge (e = 1.602 X 10-1* C), and T is the absolute temperature. 
Substituting, we find that Vr = (1/11,600) V and that at room temperature 
(T = 300°K) Vr = 0.026 V = 26 mV. 

The form of the volt-ampere characteristic described by Eq. (6-1) is 
shown in Fig. 6-la. When the voltage V is positive and several times V7, 
the unity in the parentheses of Eq. (6-1) may be neglected. Accordingly, 
except for a small range in the neighborhood of the origin the current increases 
exponentially with voltage. When the diode is reverse-biased, and |V| is 
several times V7, J ~ —I,. The reverse current is therefore constant, inde- 
pendently of the applied reverse bias. Consequently J, is referred to as the 
reverse saturation current. 

For the sake of clarity, the current J, in Fig. 6-1a has been greatly exagger- 
ated in magnitude. Ordinarily the range of forward currents over which a 
diode is operated is many orders of magnitude larger than the reverse satura- 
tion current. In order to display forward and reverse characteristics con- 
veniently it is necessary, as in Fig. 6-1b, to use two different current scales. 
The volt-ampere characteristic shown in that figure has a forward current 
scale in milliamperes and a reverse scale in microamperes. 


1 
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The dashed portion of the curve of Fig. 6-1b indicates that at a reverse- 
biasing voltage Vz the diode characteristic exhibits an abrupt and marked 
departure from Eq. (6-1). At this critical voltage a large reverse current flows, 
and the diode is said to be in the breakdown region, discussed in Sec. 6-4. 


The Cutin Voltage V, Both silicon and germanium diodes are commer- 
cially available. There are a number of differences between these two types 
that are relevant in circuit design. The difference in volt-ampere character- 
istics is brought out in Fig. 6-2. Here are plotted the forward characteristics at 
room temperature of a general-purpose germanium switching diode and a 
general-purpose silicon diode, the 1N270 and 1N3605, respectively. The 
diodes have comparable current ratings. A noteworthy feature in Fig. 6-2 
is that there exists a cutin, offset, break-point, or threshold voltage V, below 
which the current is very small (say less than 1 percent of maximum rated 
value). Beyond V, the current rises very rapidly. From Fig. 6-2 we see 
that V, is approximately 0.2 V for germanium and 0.6 V for silicon. 

Note that the break in the silicon diode characteristic is offset about 
0.4 V with respect to the break in the germanium diode characteristic. The 
reason for this difference is to be found, in part, in the fact that the reverse 
saturation current in a germanium diode is normally larger by a factor of about 
1,000 than the reverse saturation current in a silicon diode of comparable 
ratings. Thus if J, is in the range of microamperes for a germanium diode, 
T, will be in the range of nanoamperes for a silicon diode. 

Since » = 2 for small currents in silicon, the current increases as e”/?"r 
for the first several tenths of a volt and increases as e”/"r only at higher volt- 
ages. This initial smaller dependence of the current on voltage accounts for the 
further delay in the rise of the silicon characteristic. 


Fig. 6-2 The forward 
volt-ampere characteris- 
tics of a germanium 
(1N270) and a silicon 
(1N3605) diode at 25°C. 
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mA . 
Fig. 6-3 Volt-ampere char- 


acteristics at three different 
temperatures for a silicon 


1,000 


diode. (Planar epitaxial 
passivated types 1N3605, 
1N3606, 1N3608, and 
1N3609.) The shaded area 
indicates 25°C limits of con- 
trolled conductance. Note 
that the vertical scale is 


logarithmic and encom- 


passes a current range of 
50,000. (Courtesy of 
General Electric Company.) 


Logarithmic Characteristic It is instructive to examine the family of 
curves for the silicon diodes shown in Fig. 6-3. A family for a germanium 
diode of comparable current rating is quite similar, with the exception that 
corresponding currents are attained at lower voltage. 

From Eq. (6-1), assuming that V is several times Vr so that we may 
drop the unity, we have log J = log J, + 0.434V/nVr. We therefore expect 
in Fig. 6-3, where log I is plotted against V, that the plots will be straight 
lines. We do indeed find that at low currents the plots are linear and cor- 
respond to 7 ~ 2. At large currents an increment of voltage does not yield 
as large an increase of current as at low currents. The reason for this behavior 
is to be found in the ohmic resistance of the diode. At low currents, the ohmic 
drop is negligible and the externally impressed voltage simply decreases 
the potential barrier at the p-n junction. At high currents the externally 
impressed voltage is called upon principally to establish an electric field to 
overcome the ohmic resistance of the semiconductor material. Therefore at 
high currents the diode behaves more like a resistor than a diode and the cur- 
rent increases linearly rather than exponentially with applied voltage. 


6-2 THE TEMPERATURE DEPENDENCE OF p-n CHARACTERISTICS 


Let us inquire into the diode voltage variation with temperature at fixed 
current. This variation may be calculated from Eq. (6-1), where the tempera- 
ture is contained implicitly in V7 and also in the reverse saturation current. 
The dependence of J, on temperature T is given approximately by® 


Io = KTV (6-3) 
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where K is a constant and eV, (e the electronic charge) is the energy required 
to break a covalent bond in the semiconductor. For germanium y = 1 and 

» = 0.75 V and for silicon 7 =~ 2 and V, = 1.12 V. Taking the derivative 
of the logarithm of Eq. (6-3) we find 


1diI, _d(ni,)_ 2 V, V;, 


T.dv ~~ aT ~ at * atv, ~ oT Vs () 


since V,/Vr >>2. At room temperature, we deduce from Eq. (6-4) that 
d(In I,)/dT = 0.075/°C for Si and 0.10/°C for Ge. The performance of com- 
mercial diodes is only approximately consistent with these results. The 
reason for the discrepancy is that in a physical diode there is a component 
of the reverse saturation current due to leakage over the surface that is not 
taken into account in Eq. (6-3). Since this leakage component is independent 
of temperature, we may expect to find a smaller rate of change of Z, with 
temperature than that predicted above. From the data presented in Sec. 
6-8, we find that the reverse saturation current increases approximately 
7 pereent/°C for both silicon and germanium. Since (1.07)!° = 2.0, we con- 
clude that the reverse saturation current approximately doubles for every 10°C 
rise in temperature. 
From Eq. (6-1), dropping the unity in comparison with the exponential, 

we find, for constant J, 

aviv Vv 1ldI.\ V—V, 

iy alia ai! iat) ~ T 


(6-5) 


where use has been made of Eq. (6-4). Consider a diode operating at room 
temperature (300°K) and just beyond the threshold voltage V, (say at 0.2 V 
for Ge and 0.6 for Si). Then we find from Eq. (6-5) 


dV _ | ~1.8 mV/°C for Ge (V, = 0.75 V) 


df ~ | ~1.7mV/°C . for Si (V, = 1.12 V) (6-6) 


Since these data are based on “average characteristics” it might be well for 
conservative design to assume a value of 


or = —2mv/°C (6-7) 
for either Ge or Si at. room temperature. Note from Eq. (6-5) that |dV/dT| 
decreases with increasing 7’. 

The temperature dependence of forward voltage is given in Eq. (6-5) 
as the difference between two terms. The positive term V/T on the right- 
hand side results from the temperature dependence of Vr. The negative 
term results from the temperature dependence of J, and does not depend 
on the voltage V across the diode. The equation predicts, accordingly, that 
at increasing V, dV/dT should become less negative, reach zero at V = V,, 
and thereafter reverse sign and go positive. This behavior is regularly 
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Fig. 6-4 Examples of diodes which do not exhibit a constant reverse 
saturation current. (a) Germanium diode 1N270; (b) silicon 1N461. 
(Courtesy of Raytheon Company.) 


exhibited by diodes. Normally, however, the reversal takes place at a current 
which is higher than the maximum rated current. The curves of Fig. 6-3 
also suggest this behavior. At higher voltages the separation between curves 
of different temperatures is smaller than at low voltages. 

Typical reverse characteristics of germanium and silicon diodes are given 
in Fig. 6-4a and b. Observe the very pronounced dependence of current on 
reverse voltage, a result which is not consistent with our expectation of a 
constant saturated reverse current. This increase in J, results from leakage 
across the surface of the diode and also from the additional reason that new 
current carriers may be generated by collision in the transition region at 
the junction (Sec. 6-8). On the other hand there are many commercially 
available diodes, both germanium and silicon, that do exhibit a fairly constant 
reverse current with increasing voltage. The much larger value of J, for a 
germanium than for a silicon diode, to which we have previously referred, is 
apparent in comparing Fig. 6-4a and b. Since the temperature dependence is 
approximately the same in both types of diodes, at elevated temperatures the 
germanium diode will develop an excessively large reverse current, whereas 
for silicon J, will be quite modest. Thus we see that for Ge in Fig. 6-4 an 
increase in temperature from room temperature (25°C) to 90°C increases the 
reverse current to hundreds of microamperes, although in silicon at 100°C the 
reverse current has increased only to some tenths of a microampere. 


Sec. 6-4 STEADY-STATE SWITCHING CHARACTERISTICS OF DEVICES / 185 


6-3 DIODE TRANSITION CAPACITANCE 


A diode is driven to the reverse-biased condition when it is desired to turn off a 
current or prevent the transmission of a signal. When diodes are used for 
such purposes in circuits which handle fast waveforms or high frequencies, we 
must take account of the capacitance which appears across a reverse-biased 
junction. This capacitance is called the barrier or transition capacitance Cr. 
If this capacitance is large enough, the current which is to be restrained by the 
low conductance of the reverse-biased diode will flow through the capacitor. 

Diodes intended for service with fast waveforms have transition capaci- 
tances of the order of 1 to 10 pF. The barrier capacitance decreases with 
increasing reverse voltage, as is ‘illustrated for two typical diodes in Fig. 6-5. 
For certain assumed simple junction geometries it is calculated‘ that the tran- 
sition capacitance is given by 


r r 


— Wa ~ Ve e 


Cr 
Here X is a constant, and Vz is the voltage across the junction and is equal 
to the externally impressed voltage V, except for quite small voltages. The 
exponent n is 3 or ¥ for an abrupt or gradual junction, respectively. 


6-4 AVALANCHE DIODE 


The reverse voltage characteristic of the diode, including the breakdown region, 
is redrawn in Fig. 6-6a. Diodes which are designed with adequate power- 
dissipation capabilities to operate in the breakdown region may be employed 
as voltage-reference or constant-voltage sources. Such diodes are known as 


Fig. 6-5 Typical barrier-capaci- 
tance variation, with reverse voltage, 
of silicon diodes IN914 and IN916. 
(Courtesy of Fairchild Semiconductor 
Corporation.) 
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Fig. 6-6 (a) The volt-ampere characteristic of an avalanche or Zener diode; (b) a 
circuit:in which such a diode is used to regulate the voltage across Rx against 


changes due to variations in load current and supply voltage. 


avalanche, breakdown, or Zener diodes. They are used characteristically in the 
manner indicated in Fig. 6-6b and are replacing the gaseous glow tubes previ- 
ously employed in this circuit. The source V and resistor A are selected 
so that initially the diode is operating in the breakdown region. Here the 
diode voltage, which is also the voltage across the load Rz, is Vz, as in Fig. 6-6a, 
and the diode current is Jz. The diode will now regulate the load voltage 
against variations in load current and against variations in supply voltage V 
because in the breakdown region large changes in diode current produce only 
small changes in diode voltage. Moreover, as load current or supply voltage 
.changes, the diode current will accommodate itself to these changes to maintain 
a nearly constant load voltage. The diode will continue to regulate until the 
circuit operation requires the diode current to fall to zx, in the neighborhood 
of the knee of the diode volt-ampere curve. The upper limit on diode current 
is determined by the power-dissipation rating of the diode. 

Two mechanisms of diode breakdown for increasing reverse voltage are 
recognized. In one mechanism, the thermally generated electrons and holes 
acquire sufficient energy from the applied potential to produce new carriers 
by removing valence electrons from their bonds. These new carriers, in 
turn, produce additional carriers again through the process of disrupting bonds. 
This cumulative process, which is analogous to the Townsend discharge! in a 
gas diode, is referred to as avalanche multiplication. It results in the flow of 
large reverse currents, and the diode finds itself in the region of avalanche break- 
down. Even if the initially available carriers do not acquire sufficient energy 
to disrupt bonds, it is possible to initiate breakdown through a direct rupture 
of the bonds because of the existence of the strong electric field. Under these 
circumstances the breakdown is referred to as Zener breakdown. This Zener 
effect is now known to play an important role only in diodes with breakdown 
voltages below about 6 V.° Nevertheless, the term Zener is commonly used 
for the avalanche. or breakdown diode even at higher voltages. Silicon diodes 


Temperature coefficient, %/°C 
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operated in avalanche breakdown are available with maintaining voltages from 
several volts to several hundred volts and with power ratings up to 50 W. 

A matter of interest in connection with Zener diodes, as with semicon- 
ductor devices generally, is their temperature sensitivity. The temperature 
dependence of the reference voltage, which is indicated in Fig. 6-7a and }, 
is typical of what may be expected generally. In Fig. 6-7a the temperature 
coefficient of the reference voltage is plotted as a function of the operating 
current through the diode for various different diodes whose reference voltage 
at 5 mA is specified. The temperature coefficient is given as percentage change 
in reference voltage per centigrade degree change in diode temperature. In 
Fig. 6-7b has been plotted the temperature coefficient at a fixed diode current 
of 5 mA as a function of Zener voltage. The data which are used to plot this 
curve are taken from a series of different diodes of different Zener voltages 
but of fixed dissipation rating. From the curves in Fig. 6-7a and b we note 
that the temperature coefficients may be positive or negative and will normally 
be in the range +0.1 percent/°C. Note that if the reference voltage is 
above 6 V, where the physical mechanism involved is avalanche multiplica- 
tion, the temperature coefficient is positive. However, below 6 V, where true 
Zener breakdown is involved, the temperature coefficient is negative. 

A second matter of importance in connection with Zener diodes is the 
slope of the diode volt-ampere curve in the operating range. If the reciprocal 
slope AVz/AIz, called the dynamic resistance, is r, then a change AIz in the 


0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 90 
iy, mA Vv, @5mA, V 
(a) , (5) 


Fig. 6-7 Temperature coefficients for a number of Zener diodes having different 
operating voltages (a) as a function of operating current, (b) as a function of 
operating voltage. The voltage Vz is measured at Iz = 5 mA (from 25 to 100°C). 
(Courtesy of Pacific Semiconductors, Inc.) 
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Fig. 6-8 The dynamic resistance at a number of currents 
for Zener diodes of different operating voltages at 25°C. 
The measurements are made with a 60-Hz current at 10 
percent of the d-c current. (Courtesy of Pacific Semicon- 
ductors, Inc.) 


operating current of the diode produces a change AVz = r AIz in the operating 
voltage. Ideally r = 0, corresponding to a volt-ampere curve which, in the 
breakdown region, is precisely vertical. The variation of r at various currents 
for a series of avalanche diodes of fixed power-dissipation rating and various 
voltages is shown in Fig. 6-8. Note the rather broad minimum which occurs 
in the range 6 to 10 V and note that at large Vz and small Iz, the dynamic 
resistance r may become quite large. Thus we find that a TI 3051 (Texas 
Instruments Company) 200-V Zener diode operating at 1.2 mA has an r of 
1,500 2. Finally we observe that to the left of the minimum, at low Zener 
voltages, the dynamic resistance rapidly becomes quite large. Some manu- 
facturers specify the minimum current Izx (Fig. 6-62) below which the diode 
should not be used. Since this current is on the knee of the curve, where the 
dynamic resistance is large, then for currents lower than Izx the regulation 
will be poor. 

The capacitance across a breakdown diode is the transition capacitance 
and hence varies inversely as some power of the voltage, as in Eq. (6-8). 
Since Cr is proportional to the cross-sectional area of the diode, high-power 
avalanche diodes have very large capacitances. Values of Cr from 10 to 
10,000 pF are common. 

The performance and reliability of Zeners have been greatly improved with 
the oxide-passivation process. They may be used over the range ~200°C. 
Also, some diodes exhibit a very sharp knee even down into the microampere 
region. 
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Zener diodes are available with voltages as low as about 2 V. Below 
this voltage it is customary, for reference and regulating purposes, to use 
diodes in the forward direction. As appears in Fig. 6-2, the volt-ampere 
characteristic of a forward-biased diode (sometimes called a stabistor) is not 
unlike the reverse characteristic with the exception that in the forward direc- 
tion the knee of the characteristic occurs at lower voltage. A number of 
forward-biased diodes may be operated in series to reach higher voltages. 
Such series combinations, packaged as single units, are available with voltages 
up to about 5 V and may be preferred to reverse-biased Zener diodes, which 
at low voltages, as seen in Fig. 6-8, have very large values of dynamic resistance. 

When it is important that a Zener diode operate with a low temperature 
coefficient, it may be feasible to operate an appropriate diode at a current 
where the temperature coefficient is at or near zero. Quite frequently such 
operation is not convenient, particularly at higher voltages and when the diode 
must operate over a range of currents. Under these circumstances temperature- 
compensated avalanche diodes find application. Such diodes consist of a 
reverse-biased Zener diode with a positive temperature coefficient combined 
in a single package with a forward-biased diode whose temperature coefficient is 
negative. As an example, the Transitron SV3176 silicon 8-V reference diode 
has a temperature coefficient of +0.001 percent/°C at 10 mA over the range 
~—55 to +100°C. The dynamic resistance is only 15 9. The temperature 
coefficient remains below 0.002 percent/°C for currents in the range 8 to 12 
mA. The voltage stability with time of some of these reference diodes is 
comparable to that of conventional standard cells. 

When a high-voltage reference is required it is usually advantageous 
(except of course with respect to economy) to use two or more diodes in series 
rather than a single diode. This combination will allow higher voltage, higher 
dissipation, lower temperature coefficient, and lower dynamic resistance. 


6-5 THE VACUUM-TUBE DIODE ~ 


For an ideal diode the current J is related to the voltage ¥ by the Langmuir- 
Child space-charge equation! : 


I= Gy! . | 6-9) 


The specific value of the parameter G, called the perveance, depends upon 
the geometry of the system. The derivation of this three-halves-power equation 
assumes an equipotential cathode surface, zero contact potential between 
electrodes, no trace of gas in the tube, zero initial velocity of the emitted 
electrons, and a heater temperature sufficiently high to supply the desired 
plate current. A plot of Eq. (6-9) is given in Fig. 6-9a. 

The diode. characteristic does not follow Eq. (6-9) for small currents or 
voltages because the initial velocities of the electrons and the contact potential 
cannot be neglected in this region. An expanded view of the volt-ampere 


190 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec, 6-5 


(a) {b) 
Fig. 6-9 The.volt-ampere characteristic of a vacuum diode (a) for large voltages 
and (b) for small voltages. 


curve near the origin is given in Fig. 6-9b. Space charge is negligible at these 
small currents, and the current is given by ° 


I = Ie¥!¥r (6-10) 


where J, is the plate current at zero applied voltage V and Vr = T/11,600 
is the electron-volt equivalent of temperature given in Eq. (6-2). Note that 
the curve does not pass through the origin and that the cuéin or break point 
V, is quite indefinite. Whereas V, for a semiconductor diode is positive 
(approximately 0.2 V for Ge and 0.6 V for Si), for most vacuum-tube diodes 
the break point is negative and is located at a voltage between —0.25 and 
—0.75 V. 

There is a shift in the characteristic with filament temperature. Experi- 
ment reveals this drift to be about 0.1 V for a 10 percent change in heater voltage. 
The higher the filament voltage, the more the curve shifts to the left, because 
the increase in the initial velocities of the electrons with increase in temperature 
results in higher currents at a given voltage. The displacement with tube 
aging or tube replacement is found in practice to be of the order of +0.25 V. 

Since a diode consists of two metallic electrodes separated by a dielectric— 
a vacuum—this device constitutes a capacitor. The order of magnitude of 
the. capacitance in receiving-type tubes is 5 pF and is nominally constant, 
independent of voltage (unlike the semiconductor diode which has a nonlinear 
junction capacitance). 

Commercial vacuum diodes are ayallable for rectifying very high i 

up to about 200,000 V. 
: Because of their small size and long life and because no filament power 
is required, semiconductor diodes are replacing vacuum rectifiers in many 
applications. The tube must be used, however, if very high voltage or power 
is involved, if extremely low reverse currents are necessary, or if the diode is 
located in an unusual environment (high nuclear radiation or very high 
ambient temperature). 
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6-6 DIODE RESISTANCE 


The static resistance R of a diode is defined as the ratio V/I of the voltage 
to the current. . At any point on the volt-ampere characteristic of the diode 
(Figs. 6-1 and 6-9) the resistance R is equal to the reciprocal of the slope of a 
line joining the operating point to the origin. The static resistance varies 
widely with V and J and is not a useful parameter. The rectification property 
of a diode is indicated on the manufacturer’s specification sheet by giving the 
maximum forward voltage Vr required to attain a given forward current Ir 
and also the maximum reverse current Iz at a given reverse voltage Vr. Typ- 
ical values for a silicon planar epitaxial diode are Vr = 0.8 V at Ir = 10 mA 
(corresponding to Rr = 80 @) and Ip = 0.1 pA at Vz = 50 V (corresponding 
to Rr = 500 M). 

For small-signal operation the dynamic or incremental resistance r is an 
important parameter and is defined as the reciprocal of the slope of the volt- 
ampere characteristic, r = dV/dI. The dynamic resistance is not a constant 
but depends upon the operating voltage. For example, for a semiconductor 
diode we find from Eq. (6-1) that the dynamic conductance g = 1 /r is 


(6-11) 


For a reverse bias greater than a few tenths of a volt (so that |V/aV7| > 1) 
g is extremely small and r is very large. On the other hand, for a forward bias 
greater than a few tenths of a volt J > 1., and r is given approximately by 


aVr 


aa (6-12) 


T= 


The dynamic resistance varies inversely with current; at room temperature 
and for 7 = 1, r = 26/I, where I is in mA and r is in ohms. For a forward 
current of 26 mA, the dynamic resistance is 1 2. The ohmic body resistance 
of the semiconductor may be of the same order of magnitude or even much 
higher than this value. Although 7 varies with current, in a small-signal 
model, it is reasonable to use the parameter r as a constant. 


A Piecewise Linear Diode Characteristic A large-signal approximation 
which often leads to a sufficiently accurate engineering solution is the piecewise 
linear representation. For example, the three-halves-power curve of Fig. 6-9a 
may be replaced by a straight line through the origin and the point P (V = 60V, 
I = 120 mA), as pictured in Fig. 6-10a. This piecewise linear model replaces 
the diode by an open circuit (infinite back resistance) if V < 0 and a constant 
forward resistance of 60/0.12 = 500 2 for V > 0. In this case, where the - 
characteristic is a straight line passing through the origin, the dynamic resist- 
ance dV/dI equals the static resistance V/I and the break-point or cutin 
voltage V, is zero. 
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Fig. 6-10 The piecewise linear characterization of a diode. (a) A vacuum tube; 
(b) a semiconductor. 


The piecewise linear approximation for a semiconductor characteristic is 
indicated in Fig. 6-10b. The break point is not at the origin and hence V, is 
also called the offset or threshold voltage. The diode behaves like an open 
circuit if V < V, and has a constant incremental resistance r = dV/dI if 
V>V,. Note .that the resistance r (also designated as R; and called the 
forward resistance) takes on added physical significance even for this large- 

_ signal model, whereas the static resistance R = V/I is not constant and is not 
useful. 

The numerical values V, and R; to be used depend upon the type of diode 
and the contemplated voltage and current swings. For example, from Fig. 6-2 
we find that for a current swing from cutoff to 10 mA with a germanium diode 
reasonable values are V, = 0.2 V and R; = 20 Q, and for a silicon diode 
V, = 0.6 V and R; = 159. On the other hand, a better approximation for 
current swings up to 50 mA leads to the following values—germanium: 
V, = 0.3 V, R; = 6 Q; silicon: V, = 0.65 V, Ry = 5.59. For an avalanche 
diode V, = Vz, and R; is the dynamic resistance in the breakdown region. 


6-7 THE TRANSISTOR AS A SWITCH 


The transistor Q in Fig. 6-lla is being used as a switch to connect and dis- 
connect the load Ry, from the source Vcc. Except that the transistor may be 
operated electrically and may be made to respond more rapidly, it serves the 
same function as that of the mechanical switch in Fig. 6-11b. The mechanical 
switch arrangement allows no current to flow when the switch is open, but 
when the switch is closed, all of the voltage Vcc appears across the load Rr. 
Ideally, the transistor switch should have these same properties. In this 
section we discuss the steady-state characteristics of the circuit of Fig. 6-lla 
corresponding to the cases when the transistor switch is open and when it is 
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(a) (0) 


Fig. 6-11 The transistor in (a) is being used as a switch. It serves the same 
function as the switch S in (b). The positive reference direction for each cur- 
rent is as shown. The symbol Vcc is a positive number representing the 
magnitude of the supply voltage. : 


closed. Chapter 20 contains a detailed discussion of the speed with which a 
transition between these two states may be made. 

When a transistor is used as a switch it is useful to divide its range of 
operation into three regions: the cutoff, the active, and the saturation regions. 
These regions are easily identified on the common-base characteristics of the 
transistor, as in Fig. 6-12. In the cutoff region both the emitter junction 
and the collector junction are reverse-biased, and only very small reverse 
saturation currents flow across the junctions. The transistor operates in the 
region below the characteristic for Iz = 0. This characteristic corresponds 
to a collector current Ico, the reverse collector saturation current. It is almost 


Fig. 6-12 Typical common- 
base characteristics of a 
p-n-p transistor. The cutoff, 
active, and saturation re- 
gions are indicated. Note 
the expanded voltage scale 
in the saturation region. 


Collector current [,, mA 


Collector-to-base voltage drop Vo, ,V 
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but not precisely coincident with the axis Jc = 0. It is required that the 
transistor must be in the cutoff region at times when it is to behave as an open 
(nonconducting) switch. 

When the emitter junction is forward-biased and the collector junction 
is reverse-biased, the transistor output current responds most linearly to an 
input signal. The pulse amplifiers of Chaps. 4 and 5 were operated in this 
active region. In switching operations, this region is not of great interest 
because the transistor switches abruptly from the cutoff region to the saturation 
region (or in the reverse direction) and spends, ideally, a relatively insignificant 
time in the active region. 

The region to the left of the ordinate Voz = 0 and above Jz = 0 is 
the saturation region. Here the emitter junction and the collector junction 
are both forward-biased. The voltages across the individual junctions or 
across the combination of junctions are smal] (in the millivolt range). Accord- 
ingly, when a transistor switch is required to be in the closed (conducting) 
condition it is driven into saturation. 

When a transistor is used as a switch in the common-base configuration, 
the input emitter current required to operate the switch is. nominaily as large 
as the collector current being switched. In the common-collector configura- 
tion, the input voltage required to operate the switch is nominally as large as 
the supply voltage. ; 

In the common-emitter configuration the input switching signal, current 
or voltage, is small in comparison with the switched output current or voltage. 
Hence, the common-emitter configuration is the most generally useful for a 
transistor switch. 

Return now to the common-emitter switching circuit of Fig. 6-lla and 
consider that the transistor is a type 2N404 p-n-p alloy-junction germanium 
transistor with CE characteristics shown in Fig. 6-13. This transistor type 
is fairly representative of alloy-junction germanium transistors capable of 


Fig. 6-13 Common-emitter charac- 
teristics of the 2NA04 alloy-junction 
germanium transistor. Maximum 
allowable dissipation Pr = 150 
mW. Load line corresponding to 
Veco = 10 V, Ri = 5002. (Courtesy 
of Texas Instruments, Inc.) 


Collector-emitter voltage Voz, V 
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dissipating about 150 mW at room temperature (25°C). We have selected 
a load resistor R, = 500 @ and a supply voltage Vcc = 10 V and have super- 
imposed the corresponding load line on the characteristics. The cutoff and 
saturation regions are not as clearly shown in Fig. 6-13 as in Fig. 6-12. We 
shall, in the next several sections, discuss details of importance in connection 
with the transistor operation at cutoff and operation in saturation. 


6-8 THE TRANSISTOR AT CUTOFF 


Cutoff in a transistor is defined by the condition Iz = 0. A good approxima- 
tion to the common-base characteristics, even to the point of cutoff, is given 
by the equation 


Ie = —alz + Ico (6-13) 


in which a is the common-base short-circuit forward current gain. From Eq. 
(6-13) we see that the cutoff condition Iz = 0 implies that I¢ = Ico. 

It is important to note that in the common-emitter configuration the 
transistor will not be at cutoff if the base is open-circuited. For, from Fig. 
6-Lla, if Ip = 0, then Iz = —Ic and from Eq. (6-13) we have 


Ico 


aie ak ar 


(6-14) 
In germanium, even near cutoff, a may be as large as 0.9 and I¢ = 10Ico. 
Therefore the transistor is not at cutoff. In Sec. 6-17 we find that Jp = 0 
corresponds to a small forward bias and that to bring the germanium transistor 
to cutoff we need to establish a reverse-biasing voltage between base and 
emitter of about 0.1 V. In silicon, at collector currents of the order of Ico, 
it is found?" that a is very nearly zero because of recombination in the junction 
transition region. Hence, even with Ip = 0, we find from Eq. (6-14) that 
Te = Ico = —Iz, 90 that the transistor is still very close to cutoff. We verify 
in Sec. 6-17 that, in silicon, cutoff (Iz = 0) occurs at Vaz ~ 0 V, corresponding 
to a short-circuited base. 


The Reverse Collector Saturation Current I¢zo The collector current 
when the emitter current is zero is designated by the symbol Zczo. Two 
factors cooperate to make |Jczo| larger than |Ico|. First, there exists a leakage 
current which flows not through the junction but around it and across the 
surfaces. The leakage current is proportional to the voltage across the junc- 
tion. The second reason why |Iczo| exceeds |Jco| is that new carriers may be 
generated by collision in the junction transition region, leading to avalanche 
multiplication of current and eventual breakdown, as discussed in Sec. 6-9. 
But even before breakdown is approached, this multiplication component of 
current may attain considerable proportions. 

At 25°C, Icso for a germanium transistor, whose power dissipation is in 
the range of some hundreds of milliwatts, is of the order of microamperes. 
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Under similar conditions a silicon transistor has an I¢go in the range of nano- 
amperes. The temperature sensitivity of I¢go in silicon is approximately 
the same as that of germanium. However, because of the lower absolute 
value of Iczo in silicon, these transistors may be used up to about 200°C, 
whereas germanium transistors are limited to about 100°C. 

Plots showing typical variations of I¢zo with temperature for a germanium 
and for a silicon transistor are given in Fig. 6-14. These plots indicate an 
almost linear relationship between the logarithm of Jc¢gzo and the temperature. 
In this respect the plots are in only fair agreement with Eq. (6-3). That 
equation predicts a noticeable decrease in slope with increasing temperature, 
particularly over the large temperature range, 235°C, in the case of silicon. A 
more pronounced failing of Eq. (6-3) is that it predicts a larger factor of growth 
for Ico over the temperature range contemplated in Fig. 6-14 than is actually 
observed. The discrepancy arises from the fact that a part of the current 
that is measured as reverse saturation current actually results from surface 
leakage and is independent of temperature. Hence, the rate of change of Icso 
with 7 should be less than that predicted by Eq. (6-3), which assumes that 
all the current is temperature-sensitive. By examining a large number of 
commercially available plots like those in Fig. 6-14 we find an average value 
for (1/Icso)(dIczo/dT) of 8 percent/°C for Ge and 6 percent/°C for Si (as 


~60-40-20 0 20 40 60 80 100 
7» °C 
(a) 


Fig. 6-14 Plot of Jcso versus the junction temperature 7’; for (a) germanium alloy 
type 2N1175 transistor and (b) silicon planar epitaxial type 2N914 transistor. 
(Courtesy of General Electric Company.) 
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Fig. 6-15 The source Vaz applies a 
reverse-biasing voltage to the n-p-n 
transistor base through Rs and main- 
tains the transistor in cutoff in the 
presence of the reverse saturation 
current Iczo. 


against the theoretical values of 10 and 7.5 percent /°C, respectively). Since 
(1.08)!° = 2.2 and (1.06)!° = 1.8, then for every 10°C rise in temperature Iczo 
is multiplied by 2.2 for Ge and by 1.8 for Si. If not too large a temperature 
range is contemplated, then we can say that Iczo approximately doubles for 
every 10°C increase for either Ge or Si. 

In addition to the variability of reverse saturation current with tempera- 
ture there is also a wide variability of reverse current with particular samples 
of a given transistor type. For example, the specification sheet for a Texas 
Instruments type 2N337 grown diffused silicon switching transistor indicates 
that this type number includes units with values of Icso extending over the 
extremely large range from 0.2 nA to 0.3 vA. Accordingly, any particular 
transistor may have an I¢go which differs very considerably from the average 
characteristic for the type. 


Circuit Considerations at Cutoff Because of temperature effects, ava- 
lanche multiplication, and the wide variability encountered from sample to 
sample of a particular transistor type, even silicon may have values of [cso 
of the order of many tens of microamperes. Consider the circuit configuration 
of Fig. 6-15, where Vzz represents a biasing voltage applied to keep the transis- 
tor cut off. We have considered that the transistor is just at the point of cutoff, 
with Iz = 0, so that Iz = —Icso. Since at cutoff Vaz < —0.1 V, then the 
condition of cutoff requires that 


Var = —Vee+ Ralcso < —01V (6-15) 


As an extreme example assume that Fz is as large as 100 K and assume that 
we want to allow for the contingency that Ic¢so may become as large as 100 pA. 
Then Vs must be at least 10.1 V. When Jczo is small the voltage across - 
the base-to-emitter junction will be 10.1 V. Hence we must use a transistor 
whose maximum allowable reverse base-to-emitter Junction voltage before 
breakdown exceeds 10 V. It is with this contingency in mind that a manu- 
facturer supplies a rating for the reverse breakdown voltage between emitter 
and base, represented by the symbol BV gzo. The subscript O indicates that 
BVezo is measured under the condition that the collector current is zero. 
Breakdown voltages BV zso may be as high as some tens of volts or as low as 
0.5 V. If BVeso = 1 V, then Vaz must be chosen to have a maximum value 
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of 1 V. For Vez = 1 V and for Jczo = 0.1 mA maximum, Re cannot exceed 
9K. Forexample, if Rp = 8K, then —Vaz + IcsoRs = -14+0.8 = —0.2V, 
so that the transistor is indeed cut off. 

We consider now the unhappy consequences which might result if, for 
any one of many reasons, Eq. (6-15) is not satisfied. Suppose, in Fig. 6-15, 
that —J, falls short of the value Ic¢zo, necessary to maintain cutoff, by the 
current AI. Then the change in collector current above the value I¢go will 
be very nearly Alc = h,. AIz, in which h,, is the common-emitter forward- 
current gain. The increased collector current will carry the transistor some- 
what into the active region, where the collector-junction power dissipation is 
increased. The dissipation at the collector junction will increase its tempera- 
ture and thereby increase Ic¢go. The increase in I¢zo is aided further by the 
fact that at low collector currents an increase in collector current increases hy. 
The possibility exists that the process whereby I¢ increases may become regen- 
erative and a runaway condition may occur. 


6-9 BREAKDOWN VOLTAGES® 


In a transistor switch, the voltage change which occurs at the collector with 
switching is nominally equal to the collector supply voltage Vee. Since this 
voltage change will be used to operate other circuits and devices, then for the 
sake of reliability of operation, Vcc should be made as large as possible. The 
maximum allowable voltage depends, as we shall see, not only on the character- 
istics of the transistor but also on the associated transistor base circuitry. 

The maximum reverse-biasing voltage which may be applied before break- 
down between the collector and base terminals of the transistor, under the 
condition that the emitter lead be open-circuited, is represented by the symbol 
BVczo. This breakdown voltage is a characteristic of the transistor alone. 
Breakdown occurs because of avalanche multiplication of the current Ico 
that crosses the collector junction. As a result of this multiplication the 
current becomes MI¢o, in which M is the factor by which the original current 
Ico is multiplied by the avalanche effect. (We neglect leakage current, which 
does not flow through the junction and is therefore not subject to avalanche 
multiplication.) Ata high enough voltage, namely BV czo, the multiplication 
factor M becomes nominally infinite and the region of breakdown is then 
attained. Here the current rises abruptly, and large changes in current 
accompany small changes in applied voltage. 

The avalanche multiplication factor depends on the voltage Vcs between 
collector and base. We shall consider that 


1 
1 — (Ves/BV cao)" 


Equation (6-16) is employed because it is a simple expression which gives 
a good empirical fit to the breakdown characteristics of many transistor types. 


M= 


(6-16) 
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Fig. 6-16 (a) Common-base characteristics extended into 
breakdown region. (6) Idealized common-emitter charac- 
teristics extended into breakdown region. 


The parameter n is found to be in the range of about 2 to 10 and controls 
the sharpness of the onset of breakdown. When n is large, M continues at 
nearly unity until Vcs approaches very close to BVczo, at which point M 
soars upward abruptly. When x is small the onset of breakdown is more 
gradual. 

In Fig. 6-162 the common-base characteristics of Fig. 6-12 have been 
extended into the breakdown region. The curve for Iz = 0 is a plot, as a 
function of Ves, of the product of the reverse collector current Ico and the 
avalanche multiplication factor M. The abrupt growth in Ic as BV czo is 
approached is shown, along with the slower increase of Ig over the active 
region that results from the small but not negligible avalanche multiplication. 

If a current Ig is caused to flow across the emitter junction, then, neglect- 
ing the avalanche effect, a fraction az, where a is the common-base current 
gain, reaches the collector junction. Taking multiplication into account, I¢ 
has the magnitude Malz. Consequently, it appears that, in the presence of 
avalanche multiplication, the transistor behaves as though its common-base 
current gain were a*, where 


a* = Ma (6-17) 
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The CE Configuration Since Arg = a/(1 — a) it follows that in the pres- 
ence of avalanche multiplication the CE current gain is h*,, where 
a* Ma 


Mn Se ee oe ee 
hrs = Toot 1— Ma 


Now a is a positive number with a maximum magnitude less than unity, 
but Ma may equal unity in magnitude, at which point ht, becomes infinite. 
Accordingly, any base current, no matter how small, will give rise to an 
arbitrarily large collector current whenever Ma = 1. This situation is, of 
course, to be interpreted to mean that breakdown has occurred. Therefore, 
whenever the base current is kept fixed, breakdown occurs at the voltage Ves 
which satisfies the equation 
1 1 


M= 1 — (Ves/BVeno)* ae (6-19) 


or at the voltage Vez given by 
Ves = BVeso V1 — a (6-20) 


Since Veg at breakdown is much larger than the small forward base-to-emitter 
voltage Vaz, we may replace Vcg by Vcr in Eq. (6-20). Also 


a 1 : 


l~a=— = 


hee hee 


(6-18) 


since @ is very close to unity. Finally we note that the condition imposed 
above that the base current be fixed implies a current generator at the base, 
that is, a source of infinite impedance. Equation (6-20) consequently gives 
the breakdown voltage under the condition that the base is open-circuited 
(with respect to signal or a-c variations). Altogether, the collector-to-emitter 
breakdown voltage with open-circutted base, BV cxo, designated is 


"rT 
BV cro = BV cso ims (6-21) 


For an n-p-n germanium transistor a reasonable value for n, as determined 
experimentally, ism = 6. If we now take hrz = 50 we find that 


BVecro = 0.52BV cz0 


so that if BVczo = 40 V, BVczo is about half as much, or about 20 V._ Ideal- 
ized common-emitter characteristics extended into the breakdown region are 
shown in Fig. 6-16b. 


The Breakdown Voltage with Base Not Open-circuited Assume that 
the base is returned to the emitter through a resistor Rg, as in Fig. 6-17. We 
may expect that the breakdown voltage, designated BV cer, will lie between 
BVczo and BVczgo. To estimate BVczr we shall make some simplifying 
assumptions concerning the emitter-junction diode. We had noted in Fig. 6-2 
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Fig. 6-17 The breakdown voltage between R, 


collector and emitter is increased above 
|BVczo| by returning the base to the emitter 


through Ra. Rp 


that the semiconductor junction diode exhibits a threshold voltage V, in the 
forward direction. That is, until the forward voltage attains about 0.2 V in 
germanium or 0.6 V in silicon the forward current is very small. We shall 
assume that, until the threshold voltage has been reached, the collector current 
will flow entirely to the base and hence through Rx. We also assume that once 
the threshold voltage is exceeded nearly all the additional collector current will 
flow through the emitter junction and the corresponding breakdown voltage is 
BVczo. Therefore when the collector-to-emitter voltage is larger than 
BV ceo and the threshold voltage of the emitter junction is reached, break- 
down will occur. On this basis, we expect breakdown when the collector 
current MIco satisfies 


MIcoRs = Vy (6-22) 


Proceeding as above, we now calculate that 


Pies BV Tools (6-23) 
Ms 


The value of BVcer for Rs = 0, that is, when the base is short-circuited to 
the emitter, is denoted by the symbol BV cas. Equation (6-23) suggests 
that BVces = BVcso. However, we must recognize the presence of the 
base-spreading resistance ry and Fz should properly be replaced by Rg + tw. 
Accordingly, even when Re = 0, BV ces is lower in magnitude than BV czo. 

Equation (6-23) was derived on the basis of the assumption that, until 
the oecurrence of breakdown, the current through Rs was very large in com- 
parison with the emitter-junction current. If Rg becomes so large that this 
condition is not satisfied, then Eq. (6-23) is not applicable. Finally we should 
note that, after breakdown has occurred, the collector and the emitter cur- 
rents will become very large in comparison with the base current, Therefore 
at large currents the presence of Rz makes no difference, and the voltage across 
the transistor will drop from BVczr to BV ceo, a8 noted in Fig. 6-18. 

The breakdown voltage may also be increased by returning the resistor 
Rz to a voltage Vaz, as in Fig. 6-15, which provides some back bias for the 
emitter junction. In this case the condition which determines the onset of 
breakdown is 


MIco(Re + tw) = Vy + Vaz (6-24) 
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and the breakdown voltage, now represented by the symbol BV cex, is given 
approximately by 


e Ico(R ; 
BVcex = BVcso,|1 — fey ae 


Figure 6-18 shows plots of the collector current against the collector-to- 
emitter voltage extending into the breakdown region. The dependence of 
the breakdown voltage on the base return circuit is indicated. Also indicated 
is the fact that, after breakdown, the voltage across the transistor at large 
currents drops to a lower sustaining voltage. The curves are not drawn to 
scale vertically. Before breakdown the currents are very small, being of the 
order of microamperes, and the negative-resistance region of the curves may 
be attained after the currents have risen to several milliamperes, whereas 
after breakdown the currents may rise to many tens of milliamperes. 

Note that in the breakdown region the characteristic of Fig. 6-18 gives 
more than one value of current for a given voltage but has a single value of 
voltage for each current. The transistor possesses a negative-resistance 
characteristic of the current-controlled type as defined in Sec. 13-1. A 
device used in this breakdown region is called an avalanche transistor. Because 
both the current and voltage may be large the power dissipation may be 
exceeded unless pulsed operation at a low duty cycle is employed (Sec. 13-16). 

For the sake of avoiding complexity at the outset of our discussion con- 
cerning breakdown, we have allowed an error which we shall now correct. 
Figure 6-18 makes it appear that, unlike the other plots, the curve correspond- 
ing to “‘open base” approaches BVczo monotonically. The fact is that some 
transistors have an “open-base” characteristic that displays a breakdown 
voltage which is larger than the sustaining voltage and is hence of the same 
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Fig. 6-18 Plot, extended into the breakdown region, of collector 
current against Vcz for various connections to the base. The 
sustaining voltage is BV czo. 
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Fig. 6-19 A possible set of break- 
down characteristics. The curve 
marked O is for an open-circuited 
base, R for the base connected to the 
emitter through a resistor, S for a 
short-circuited base, and X for a 
reverse-biased base. The break- 
down-voltage curve between collector ” 
and base with the emitter open is 
marked Veso. (Courtesy of Silicon 
Transistor Corporation.) 


general form as all the other plots in Fig. 6-18. Qualitatively the reason for 
such anomalous behavior, as well as certain other features in breakdown char- 
acteristics, is explained by the following.. We note from Eq. (6-21) that BVczo 
isa function of hyz. The parameter hrz, however, is a function of the current. 
It is small at small currents, increases with increasing current to a maximum, 
and then falls off again. In Fig. 6-18 the dependence of BVczo on Arg and 
consequently on collector current has not been taken into account. Because 
the variation of hrg with Ic depends on the transistor construction (alloy, 
planar epitaxial, etc.), the breakdown characteristics may take on a variety 
of shapes. One possibility is indicated in Fig. 6-19. 


6-10 LATCHING VOLTAGES 


A possibility for which we must check is illustrated in Fig. 6-20. Here we 
have selected a supply voltage Voc which is less than the breakdown voltage 
BV. But the load selected is one which causes the load line to intersect the 
transistor breakdown characteristic at three points. Suppose, then, that the 
transistor is initially at saturation at S, which is the point of intersection of the 
load line and a common-emitter characteristic corresponding to some base 
current I, adequate to drive the transistor to saturation. Next suppose that 
the transistor is driven off by applying a reverse voltage at the base cor- 
responding to which condition the transistor characteristic is the breakdown 
characteristic shown. The transistor will leave the point S and move along 
the load line toward cutoff, where the collector-to-emitter voltage is nominally 
Veo. Cutoff, however, will not be attained; instead, a stable state of appreci- 
able current will be reached at L. This point of intersection of the load line 
with the breakdown characteristic is called the latching point. 

Suppose that the transistor is originally at cutoff with Ver ~ Vcc and 
that the base current then is driven to Iz. Under these conditions the tran- 
sistor will be driven to saturation at the point S. Thus the latching point is 
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Fig. 6-20 Illustrating the phenomenon 
of ‘‘latching’’ in a transistor switch. 


Latching point, L 


properly named. Like the latch on a door, it restrains transfer of the operating 
point in one direction but not the other. The latching voltage is ordinarily 
identified by the same subscripts used for the corresponding breakdown 
voltage. Thus, in Fig. 6-20, if it is appropriate to label the breakdown voltage 
BV crx the latching voltage would be designated LV crx. 

Figure 6-18 suggests that, if-the latching point occurs at high enough 
currents, then the latching voltage will be very close to BVczo and that the 
latching voltage is largely independent of the type of base return. Figure 
6-18 was drawn on the basis of the assumption that at high current very little 
current would flow in the base circuit of the transistor. If this condition is not 
satisfied, then the lower voltage to which the breakdown characteristic drops 
after the breakdown voltage has been passed is a function of the type of base 
return. This lower voltage will also be the latching voltage corresponding 
to each case, and we may therefore continue to designate it by LV. When the 
transistor itself is being referred to rather than the proposed application of the 
transistor as a switch, the latching voltage is referred to as the lower limiting 
voliage and the symbol LV is still appropriate. Just as BVcex > BVces > 
BVcer > BVcro, so tooisLVerx > LVczs > LV cur > LV ceo. These lower 
limiting or latching voltages are also referred to as sustaining voltages and 
designated by V (sustaining). Thus LVcex = Veex (sustaining), etc. 


6-11 REACH-THROUGH 


There is a second mechanism by which a transistor’s usefulness may be ter- 
minated as the collector-to-base voltage is increased. This mechanism is 
called punch-through or reach-through and results from the increased width 
of the collector-junction transition region that results from increased collector- 
junction voltage (the Early effect). 
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The transition region at a junction is the region of uncovered charges 
on both sides of the junction at the positions oceupied by the impurity atoms. 
As the voltage applied across the junction increases, the transition region 
penetrates deeper into the collector and base. Because neutrality of charge 
must be maintained, the number of uncovered charges on each side remains 
equal. Since the doping of the base is ordinarily substantially smaller than 
that of the collector, the penetration of the transition region into the base is 
larger than into the collector. Since the base is very thin, it is possible that, 
at moderate voltages, the transition region will have spread completely across 
the base to reach the emitter junction. At this point normal transistor action 
ceases, since emitter and collector are effectively shorted. Punch-through 
differs from avalanche breakdown in that it takes place at a fixed voltage 
between collector and base, and is not dependent on circuit configuration. 

In a particular transistor, the voltage limit is determined by punch- 
through or breakdown, whichever occurs at the lower voltage. If reach- 
through occurs first (as it usually does for an alloy transistor), this voltage is 
easily determined in the following manner. An adjustable reverse-biasing 
voltage is connected between collector and base, and at the same time the 
voltage between emitter and base is monitored with a high-impedance volt- 
meter. As the collector-to-base voltage is increased the emitter voltage will 
respond very little until the punch-through voltage is reached. At this point 
an increment in collector-to-base voltage will cause an equal change in the 
emitter voltage. 


6-12 THE TRANSISTOR SWITCH IN SATURATION 


When a transistor switch is driven from saturation to cutoff, one of the factors 
which has an important effect on the speed of response is the time required to 
charge the capacitance which appears in shunt across the output terminals 
of the transistor. ‘This capacitance must charge through the load resistance 
Rz, and for this reason, in fast switching circuits, Rz, must be kept small. 
In saturation, the transistor current is nominally Vcc/Rz, and since Ri is 
small, it may well be necessary to keep Vcc correspondingly small in order to 
stay within the limitations imposed by the transistor on maximum current 
and dissipation. The total voltage swing at the transistor switch is Voc — 
Vox(sat). The symbol Vcx(sat) stands for the collector-to-emitter voltage 
of the transistor when it is in saturation. If Vee is fixed, then in order to 
make the output swing as large as possible it is necessary that Vcx(sat) be 
as small as possible. The largest possible output swing is desirable in order 
to reduce the sensitivity of the switching circuit to noise, supply voltage 
fluctuations, transistor aging and replacement, etc. There are also occasions 
when the output of one switch is d-c-coupled to the input of other switches, 
and a small change in Vcz(sat) will determine whether the succeeding switches 
are cut off or driven to saturation. For both these reasons, a manufac- 
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Fig. 6-21 Saturation-region com- 
mon-emitter characteristics of the 
type 2N404. A load line cor- 
responding to Vcc = 10 V, Ri = 500 
Q, is superimposed. (Courtesy of 
Texas Instruments, Inc.) 


Collector emitter voltage Voz ,V 


turer of a switching transistor invariably specifies Vcg(sat) under particu- 
lar operating conditions or furnishes information from which Vcx(sat) may be 
determined. 

For the transistor switch of Fig. 6-1la we are not able to read Ver(sat) 
with any precision from the plots of Fig. 6-13. Accordingly, we refer instead 
to the characteristics shown in Fig. 6-21. In these characteristics the 0- to 
—0.5-V region of Fig. 6-13 has been expanded, and we have superimposed the 
same load line as before, corresponding to Ry, = 500 2. We observe from 
Figs. 6-13 and 6-21 that Veg and I¢ no longer respond appreciably to base 
current Ip after the base current has attained the value —0.15 mA. At 
this point the transistor is in saturation and \Vee| ~175mV. AtIs = —0.35, 
|Vcz| has dropped to |Vcz| ~ 100 mV. Larger magnitudes of Iz will of course 
decrease [Veal slightly further. 

For a transistor operating in the saturation region, a quantity of interest 
is the ratio Vcz(sat)/Ic¢. This parameter is called the common-emitter satura- 
tion resistance-and variously abbreviated Res, Rezs, or Rez(sat). To specify 
Res properly we must indicate the operating point at which it was determined. 
For example, from Fig. 6-21 we find that at I o = —20mA and J; = —0.35 mA, 
Res = —0.1/(—20 X 10-*) = 5 @. The usefulness of Res stems from the 
fact, as appears in Fig. 6-21, that to the left of the knee each of the plots, for 
fixed Zz, may be approximated, at least roughly, by a straight line. In 
instances where the manufacturer is not inclined to make available saturation- 
region collector characteristics as in Fig. 6-21, he may instead specify values of 
cs for one or more values of Ip. Still another way to supply the necessary 
information is indicated in Fig. 6-22. Here Vox(sat) is plotted as a function 
of Ic and Ic/Ipz for the 2N914 silicon transistor. 

The saturation voltage Vcz(sat) depends not only on the operating point — 
but also on the semiconductor material (germanium or silicon) and on the 
type of transistor construction. Alloy-junction transistors and epitaxial tran- 
sistors give the lowest values for Vcx(sat) (corresponding to about 1 2 satura- 
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Fig. 6-22 The collector-to-emitter saturation 
voltage Vcz(sat) as a function of the ratio 
Ic/In with Ic as a parameter for a 2N914 


planar epitaxial passivated silicon transistor. 
(Courtesy of General Electric Company.) 
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tion resistance), whereas grown-junction transistors yield the highest. Ger- 
manium - transistors have lower values for Vcz(sat) than do silicon. For 
example, we see in Fig. 6-21 that an alloy-junction Ge transistor may allow, 
with adequate base currents, values for Vcz(sat) as low as tens of millivolts 
at collector currents which are some tens of milliamperes. Similarly, epitaxial 
silicon transistors may yield saturation voltages as low as 0.2 V with collector 
currents as high as an ampere. On the other hand, grown-junction germanium 
transistors have saturation voltages which are several tenths of a volt, and 
silicon transistors of this type may have saturation voltages as high as several 
volts. 


The D-C Current Gain A parameter of interest in connection with the 
transistor is the ratio I¢/Ig, where Ic is the collector current and Jp is the 
base current. ‘This ratio is known as the d-c forward-current transfer ratio, 
the d-c current gain, or sometimes simply as the d-c beta and is represented by 
the symbol hrz. The symbol hz is not to be confused with h;.. The latter, 
with the lowercase subscripts, equals the incremental ratio Alc/AIz. We 
note from Fig. 6-21 that at Veg = —0.25 V and at Jc = —30 mA, hrz = 
—30/—0.23 = 130. At the same operating:-point hy. ~ 6/0.05 = 120. 

In the saturation region, particularly, the parameter hrg is a useful num- 
ber and one which is usually supplied by the manufacturer when a switching 
transistor is involved.. We know I¢, which is given approximately by Vec/F 1, 
and a knowledge of Arz tells us how much input base current (Ic/hrz) will 
be needed to saturate the transistor. For the type 2N404, the variation of 
hex with collector current at a low value of Vcz is as given in Fig. 6-23. Note 
the wide spread (a ratio of 3:1) in the value which may be obtained for Arz 
even for a transistor of a particular type. Commercially available transistors 
have values of hrz that cover the range from 10 to 150 at currents as small as 
5 mA and as large as 30 A. 
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Fig. 6-23 Plots of d-c current gain 
hrez (at Vez = —0.25 V) versus collector 
current for three samples of the type 
2N404 germanium transistor. (Cour- 
tesy of General Electric Company.) 
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From Fig. 6-21 we see that h;-— 0 in the saturation region because 
Alc — 0 for a finite Alp. However, from Fig. 6-13 we find that for saturation 
at Ig = —30 mA the base current required is Jz = —0.25 mA, so that hrz = 
—30/(—0.25) = 120. We note that the value of Arz (at the edge of satura- 
tion) is of the same order of magnitude as hy. (in the active region). 


6-13 INPUT CHARACTERISTICS 


Knowing the base driving current required, we next naturally wish to learn 
how large a voltage must be applied at the input base to establish this base 
current. Information on this point is to be found in the plot of Fig. 6-24. 
Here the base-to-emitter voltage V sz is plotted against the base current. The 
values of Vez for which plots are given are low values such as are normally 
encountered in a transistor switch in saturation. A qualitative understanding 
of the form of the curves is not difficult. If we were dealing with the emitter 
junction alone there would be just a single plot, for the emitter-junction current 
would depend only on the voltage applied between base and emitter. In the 
present case, however, a collector current flows and the principal part of this 
collector current continues through the base to cross the emitter junction as 
well. Accordingly, for a fixed base-to-emitter voltage, the base current varies 
with collector current and therefore varies also with collector-to-emitter 
voltage so long as collector-to-emitter voltage affects the collector current. Or, for 
fixed base current, the base-to-emitter voltage varies only so long as this same 
condition applies. Thus, considering any one of the plots for fixed base 
current in Fig. 6-21, we expect that Vzz will depend on Vcz only to the left 
of the knee and not above the knee, where collector current is insensitive to 
collector-to-emitter voltage. 
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Base voltage Vaz, V 


Base current Ip, mA 


Fig. 6-24 Input characteristics for type 2N40A Ge transistor 
in the CE configuration. 


We now determine from Fig. 6-21 for the given load line and Iz = —0.35 
mA that Ic = —20 mA and Vcz(sat) = —0.1 V. From Fig. 6-24 we find 
Var(sat) = —0.23 V. As noted in Fig. 6-25, we calculate that 


Vac(sat) = —0.23 + 0.10 = —0.13 V 


We observe that the transistor is indeed in saturation since the collector 
junction is forward-biased rather than reverse-biased. (The p-type collector 
is positive with respect to the n-type base.) We observe further that the 
voltage between collector and emitter is smaller than the input voltage between 
base and emitter. This circumstance arises because, in saturation, the voltage 
drops across the two junctions are in opposition. 

The input characteristics for silicon transistors are similar in form to 
those in Fig. 6-24. The only notable difference in the case of silicon is that 
the curves break away from zero current at Vex(sat) in the range 0.5 to 0.6 V 
rather than in the range 0.1 to 0.2 V as for germanium. Manufacturers give 
input characteristics in a variety of ways in addition to the form in Fig. 6-24. 


Fig. 6-25 Calculated values of ter- 7 a 
- + - 
minal voltages to illustrate that -0.13V 0.13V 


|Vez| < |Vex|. (a) and (b) are : 


+ 


equivalent representations. Note a es oe 
that.a p-n-p transistor is involved —-0.23V 0.23 V 

and that both junctions are forward- re 5 a : 
biased. E a 
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Sometimes Vzx(sat) is plotted against Iz (or the ratio I¢/Zz) for various col- 
lector currents Zc, as in Fig. 6-26. Another method of presenting the data 
is to plot I¢ against. Vpx(sat) for various values of Jz. 

We note in Fig. 6-24 that beyond the break, a quite small change in input 
voltage causes a large change in base current. For this reason it is desirable in 
transistor switches to avoid “voltage drive,” that is, applying a voltage from a 
low-impedance voltage source to drive the transistor to saturation. Rather 
it is advantageous to use “current drive,” that is, to furnish a signal from a 
high-impedance source which consequently behaves nominally as a current 
generator. : 


Tests for Saturation It is often important to know whether or not a 
transistor is in saturation. We have already given two methods for making 
such a determination. These may be summarized as follows: ; 


1. If Ie and Ip can be determined independently from the circuit under 
consideration, then the transistor is in saturation if Ip > Ic/hre. 

2. If Vex ts determined from the circuit configuration and if this quantity 
is positive for a p-n-p transistor (or negative for an n-p-n), then the transistor 1s 
in saturation. Of course, the emitter junction must be simultaneously forward- 
biased, but then we would not be testing for saturation if this condition were 
not satisfied. We shall make applications of these rules in the transistor- 
circuit analyses to follow in later chapters. 


6-14 TEMPERATURE VARIATION OF SATURATION PARAMETERS 


The variation with temperature of the saturation parameters of the transistor 
switch is of interest. At constant base and collector currents we find that the 
forward base-to-emitter voltage |Vez| has a typical temperature sensitivity 


Vee (sat), V 
Vor (sat), V 


or re ae 
i--2ma| |__| 
20 40 6 80 


Free-air temperature T, ,°C 


Fig. 6-27 (a) Temperature dependence for type 2N404 germanium transistor of 
the base-to-emitter voltage in the saturation region at constant base and collector 
current; (b) temperature dependence of collector-to-emitter saturation voltage; 
(c) temperature dependence of hrz for various collector currents normalized to 
25°C. (Courtesy of Texas Instruments, Inc.) 


in the range —1.5 to —2.0 mV/°C. This figure applies both to germanium 
and to silicon units and agrees reasonably well with the calculation in See. 6-2. 
A plot for germanium of Vz against ambient temperature is shown in Fig. 
6-27a. A similar characteristic for silicon has approximately the same slope. 

In saturation, the transistor consists of two forward-biased junctions 
back to back, series opposing. It is consequently to be anticipated that the 
temperature-induced voltage change in one junction will be canceled in some 
measure by the change in the other junction. We do indeed find such to be 
the case for Vcz(sat). At small and moderate transistor currents the com- 
pensation may be very good, as is borne out by the plots of Fig. 6-27b. At 
high currents the voltage drops across the body resistance of the emitter and 
collector may become comparable to or even larger than the drops across the 
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junctions. Since the ohmic drops are additive, the cancellation is not possible 
at these high currents. 

The temperature dependence of hrz is shown in Fig. 6-27c. At small and 
moderate currents hrz increases substantially with temperature. At high 
currents hrz may well become rather insensitive to temperature. 


6-15 VARIABILITY OF PARAMETERS 


In spite of the great strides that have been made in the manufacturing tech- 
nology of semiconductor devices, transistors of any particular type still come 
out of production with a wide spread in the values of some parameters. We 
have already noted the wide variability that may appear in I¢so. Fortu- 
nately, other parameters are less difficult to control. Nevertheless, a varia- 
tion by a factor of 3 or 4 in a parameter as important as Arg is not unusual (see 
Fig. 6-23). 

To provide information about this variability a transistor data sheet, 
in tabulating parameter values, invariably provides columns headed minimum, 
typical (or average), and maximum. Not all columns will necessarily have 
entries. Thus, if a particular parameter is not especially important in the 
application for which the transistor is intended, a listing may appear only 
under typical. Or, in the case of an important parameter, it may be that the 
extreme corresponding to the worst case is given and possibly the typical 
value as well. By way of example, we find that the Texas Instruments Com- 
pany data sheet on the 2N404 gives only the minimum value of BV czo, whereas 
for hrg it gives minimum and typical values (30 and 100, respectively). Also, 
the data sheet gives only a typical value (135) for the small-signal CE short- 
circuit current gain hy., whereas for Vcz(sat) it gives maximum and typical 
values. Any design calculated to ensure that the circuit will operate as pre- 
dicted with nearly all transistors of a particular type must take account of the 
most unfavorable possible value of each parameter. Design on this basis is 
called worst-case design and is employed invariably when reliability is important. 


6-16 ANALYTIC EXPRESSIONS FOR TRANSISTOR CHARACTERISTICS 


We have found that the transistor characteristics which we require for switch- 
ing-circuit design are normally furnished for each transistor type by the manu- 
facturer. It is nonetheless important that we should have some analytic 
procedure for determining the operating states of a transistor. In the first 
place, the availability of such a theoretical analysis will relieve us of complete 
dependence on published specifications and plots for each. transistor type we 
may plan to use. Second, it will permit us to arrive at general principles con- 
cerning transistor operation. Third, we shall be able to obtain some numerical 
values (such as the cutoff voltage) not usually supplied by the manufacturer. 
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The basic equation of transistor operation in the active region is 
Ic = —alg + Ico (6-26) 


In Eq. (6-26) I¢ and Ix are the collector and emitter currents, respectively, 
and are positive when currents flow into the corresponding transistor terminal. 
The parameter a is known as the short-circuit common-base current gain, with a 
value close to but always less than unity. The parameter Ico is the reverse 
saturation current discussed in Sec. 6-8. (In an n-p-n transistor Ico is a posi- 
tive number, and in a p-n-p transistor it is a negative number.) 

Suppose now that we seek to generalize Eq. (6-26) so that it will apply 
not only when the collector junction is substantially reverse-biased but also 
for any voltage across the collector junction. To do this we need but to replace 
the term Ico by the more complete expression from which the Ico term is 
derived as a special case. We recall that the volt-ampere characteristic of any 
junction is given by Eq. (6-1): 


I = I,(e¥lVr — 1) (6-27) 


where 7 = 1 for germanium and 9 ~ 2 for silicon. We apply Eq. (6-27) to 
the collector junction by replacing J, by —Zco and V by Ve. The symbol 
Ve represents the drop across the junction, as in Fig. 6-28, from the p side 
to the n side and not necessarily the voltage Vce between the corresponding 
transistor terminals. The difference between Ves and Vc is due to the ohmic 
drop across the body resistances of the transistor, particularly the base- 
spreading resistance ry. A positive value of Vc means that the collector is 


E 
(emitter) 


Emitter 
junction 


Ven 


B 
(base) 


Fig. 6-28 Defining the voltages and currents in the Ebers and Moll equations. 
For either a p-n-p or an n-p-n transistor a positive value of current means that 
positive charge flows into the corresponding junction, and a positive Vs (Ve) 
means that the emitter (collector) is forward-biased (the p side positive with 
respect to the 7 side). 
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forward-biased with respect to the base. Equation (6-26) now becomes 
Ie = —anlIg + Ico(l — €¥e/"¥7) (6-28) 


We have added a subscript N to a for a reason that will be apparent shortly. 
Equation (6-28) reduces again to Eq. (6-26) if Vc is negative (a reverse-biased 
junction) and large in magnitude in comparison with »Vr. Equation (6-28) 
represents the analytical expression for the common-base characteristics of 
Fig. 6-12. 

To generalize further, we must recognize that there is no essential reason 
which constrains us from using a transistor in an inverted fashion, that is, 
interchanging the roles of the emitter junction and the collector junction and 
returning the base current to the collector instead of the emitter. From a 
practical point of view such an arrangement might not be as effective as use 
in the normal fashion, but this matter does not concern us now. With this 
inverted mode of operation in mind we may now write, in correspondence with 
Eq. (6-28), 


In = —arle + Ino(1 — €¥#/*¥7) (6-29) 


Here ay is the inverted common-base current gain, just as ay in Eq. (6-28) 
is the current gain in normal operation. Io is the emitter-junction reverse 
saturation current and Vz is the voltage drop from p side to n side at the 
emitter junction and is positive for a forward-biased emitter. In the literature 
apr (reversed alpha) and ar (forward alpha) are sometimes used in place of 
a; and ay, respectively. 

If we use these equations simultaneously we shall be assuming tacitly 
that the response of the transistor to a current injected at the collector junction 
is independent of any possible current injected at the emitter junction and 
vice versa. Thus we shall be assuming that superposition applies to the 
transistor currents, and this assumption implies, in turn, that the transistor 
is a linear device. This linearity does not apply, of course, to the volt-ampere 
characteristic of the junctions but only to relationships of the junction currents 
to one another. If the doping of the base region is uniform such linearity 
will indeed prevail. If the doping is not uniform, linearity will not apply. 
However, the range of applicability of these equations is very wide and covers 
many transistor types. 

We may use Eqs. (6-28) and (6-29) to solve explicitly for the junction 
currents in terms of the junction voltages as defined in Fig. 6-28, with the 
result that 


— _olco_ Vole — 1) — -—L#0__ (_¥ela¥r — 

Ts 1 — ayvar es 1) 1 — anar (era's 1) (6-30) 
= ONT #0 ¢vainve — — feo (veinvr — 5 

To Tomek 1) 1 — ayer cone 1) (6 31) 


These two equations were first presented by Ebers and Moll in a now classic 
paper.® 
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The third current J is determined from the condition 
Ist+tiIz+Ic=0 (6-32) 


We may solve explicitly for the junction voltages in terms of the currents from 
Eqs. (6-29) and (6-28), with the result that 


Ves ar la (a = ie 7 sie (6-33) 
£0 

Ve 2aVein (1 = Ze exir) 6-34) 
co 


The parameters ey, ar, Ico, and Io are not independent but are related by 
the condition® 


anIg0 = arlco (6-35) 


Manufacturers’ data sheets often provide information about ay, Ico, and zo, 
so that ar may be determined. For many of the transistor types such as 
alloy junction and grown junction, for which the present analysis is appropri- 
ate, Izo lies in the range 0.5Ico to Ico. 


6-17 ANALYSIS OF CUTOFF. AND SATURATION REGIONS 


Let us now apply the above equations to find the d-c currents and voltages in . 
the grounded-emitter transistor switch. 


The Cutoff Region If we define cutoff as we did in Sec. 6-8 to mean zero 
emitter current and reverse saturation current in the collector, what emitter- 
junction voltage is required for cutoff? Equation (6-33) with Iz = 0 and 
Ic = Ico becomes 


Vp = 5Ve la (1 _ eo) =sy dean: * (6-36) 


where use was made of Eq. (6-35). At 25°C, Vr = 26 mV, and for aw = 0.98, 
Ve = —100 mV for germanium (7 = 1). Near cutoff we may expect that 
a may be smaller than the nominal value of 0.98. With a = 0.9 for germa- 
nium, we find that Ve = —60 mV. For silicon near cutoff, « ~ 0 (page 195), 
and from Eq. (6-36), Ve ~ 7Vr1n1 =0V. The voltage Vz is the drop from 
the p to the n side of the emitter junction. To find the voltage which must be 
applied between base and emitter terminals we must in principle take account 
of the drop across the base-spreading resistance ry in Fig. 6-28. If re = 1002 
and Ico = 2 nA, then Icons = 0.2 mV, which is negligible. Since the emitter 
current is zero, the potential Vz is called the floating emitter potential. 

The above analysis indicates that a reverse bias of approximately 0.1 V 
(0 V) will cut off a germanium (silicon) transistor. It is interesting to deter- 
mine what currents will flow if a larger reverse input voltage is applied. 
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Assuming that both Vg and Ve are negative and much larger than V7, so 
that the exponentials may be neglected in comparison with unity, Eqs. (6-28) 
and (6-29) become 


I¢ = —anlIz + Ico Ig = —arl¢e + Izo (6-37) 
Solving these equations and using Eq. (6-35), we obtain 
Tc = Ico(1 Sa az) Iz = Igo(1 jai an) (6-38) 


1 — anay 1 — anar 
Since (for Ge) ay ~ 1, Ic ~ Ico and Ig ~ 0. Using ay = 0.9 and a; = 0.8, 
then Io = Ico(0.50/0.55) = 0.91Ico and Iz = Iz0(0.10/0.55) = 0.18I 20 and 
represents a very small reverse current. Using ar ~ 0 and ay ~ 0 (for Si), 
we have that I¢ ~ Ico and Iz ~ Igo. Hence, increasing the magnitude of 
the reverse base-to-emitter bias beyond cutoff has very little effect on the 
very small transistor currents. 


Short-circuited Base Suppose that instead of reverse-biasing the emitter 
junction we simply short the base to the emitter terminal. The currents which 
now flow are found by setting Vz = 0 and by neglecting exp (Vc/nV7r) in the 
Ebers and Moll equations. The results are 


Ico 


1 — GQNQI 


I¢ = lIezs and - Iz = —arlczs (6-39) 
where we have used the notation of Sec. 6-9; namely, Iczs represents the 
collector current in the common-emitter configuration with a short-circuited 
base. If (for Ge) ay = 0.9 and ay = 0.5, then Iczs is about 1.82 co and Iz = 
—0.9l co. if (for Si) ayn = 0 and ar ~ 0, then Iezs = Teco and Tz = 0. 
Hence, even with a short-circuited emitter junction the transistor is virtually 
at cutoff. 


Open-circuited Base If instead of a shorted base we allowed the base 
to “float” so that Iz = 0, we see, in Sec. 6-8, that the cutoff condition is not 
reached. The collector current under this condition is called ZIczo and is 
given by 

Iczo = =e (6-40) 

=e 
It is interesting to find the emitter-junction voltage under this condition of a 
floating base. From Eq. (6-33) with Ig = —Ic, and using Eq. (6-35), 
= an(1 — az) 

Ve=aVrin [: + Al en) = ; (6-41) 
For ay = 0.9 and a; = 0.5 (for Ge) we find Ve = +60 mV. For ay ~ 
2a; ~ 0 and » = 2 (for Si) we have Vz ~ 2V7 In3 = +57 mV. Hence an 
open-circuited base represents a slight forward bias. 
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The Cutin Voltage The volt-ampere characteristic between base and 
emitter at constant collector-to-emitter voltage is not unlike the volt-ampere 
characteristic of a simple junction diode. When the emitter junction is 
reverse-biased the base current is very small, being of the order of nanoamperes 
or microamperes for silicon and germanium, respectively. When the emitter 
junction is forward-biased, again as in the simple diode, no appreciable base 
current flows until the emitter junction has been forward-biased to the extent 
where |Vzz| > {V,|, where V, is called the cutin voltage. Since the collector 
current is nominally proportional to the base current, no appreciable collector 
current will flow until an appreciable base current flows. Therefore, a plot 
of collector current against base-to-emitter voltage will exhibit a cutin voltage, 
just as does the simple diode. 

In principle, a transistor is in its active region whenever the base-to- 
emitter voltage is on the forward-biasing side of the cutoff voltage, which 
occurs at a reverse voltage of 0.1 V for germanium and 0 V for silicon. In 
effect, however, a transistor enters its active region when Vag > V,. 

We may estimate the cutin voltage V, in a typical case in the following 
manner. Assume that we are using a transistor as a switch so that when the 
switch is on it will carry a current of 2mA. We may then consider that the 
cutin point has been reached when, say, the collector current equals 1 percent 
of the maximum current or a collector current Ic = 20 »A. Hence, V, is the 
value of Vz given in Eq. (6-33), with Iz = —(Ie + In) ~ —Ic = —20 pA: 
Assume a silicon transistor with ay = 0.5 and Jzg = 1nA. Since 7 = 2 and 
at room temperature Vr = 0.026 V, we obtain from Eq. (6-33) 


20 X 10-*(1 — 0.5) 


V, = 2(0.026)(2.30) logis [: + 0 


| - 048 


With a germanium transistor (7 = 1 and Zzo = 1 wA) and again using a; = 0.5 
and Iz = —I¢g = —20 nA, Eq. (6-33) yields V, = 0.06 V. If the switch had 
been called upon to carry 20 mA rather than 2 mA, then cutin voltages of 
‘0.60 and 0.12 V for Si and Ge, respectively, would have been obtained. 

Figure 6-29 shows plots, for several temperatures, of the collector current 
as a function of the base-to-emitter voltage at constant collector-to-emitter 
voltage for a typical silicon transistor. We see that the value calculated above 
for V, (of the order of 0.5 V) is entirely reasonable. The temperature depend- 
ence results from the temperature variation in the forward direction of the 
emitter-junction diode. Therefore the lateral shift of the plots with change 
in temperature and the change with temperature of the cutin voltage V, are 
given by Eq. (6-6), that is, approximately —2 mV/°C. 


The Saturation Region Let us consider the 2N404 p-n-p germanium 
transistor operated as in Fig. 6-21 with Jc = —20 mA and Iz = —0.35, so 
that Iz = +20.35 mA. Assume the following reasonable values: Ico = 
—2.0 wA, Igo = —1.0 wA, and ay = 0.99. From Eq. (6-35) ar = 0.50. 
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Fig. 6-29 Plot of collector 
current against base-to- 


emitter voltage for various 
temperatures for the type 
horcf | 7 | 2N337 silicon transistor. 
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From Eqs. (6-33) and (6-34) we calculate that at room temperature 


__ 20.35 — (0.50) (20) 
=10 


Vi = (0.026)(2.30) logio [2 | = 0.24V 


and 
_ 20+ 0.99(20.35) 
— (2)(10-%) 


Vc = (0.026)(2.30) logio [2 | =011V 


For a p-n-p transistor 
Vee = Ve — Ve = O11 — 0.24 = —0.13 V 
Taking the voltage drop across rw (~ 100 Q) into account, 


0.11 + 0.035 = 0.15 V 


i] 


Ves = Ve — Isr 
and 
Var = lary — Vz = —0.035 — 0.24 ~ —0.28 V 


These are in fair agreement with the values in Fig. 6-25, which were obtained 
from the published saturation curves (Vcz = —0.10, Ves = 0.13, and 
Vez = —0.23). 

Note that the base-spreading resistance does not enter into the calculation 
of the collector-to-emitter voltage. For a diffused-junction transistor the 
voltage drop resulting from the collector-spreading resistance may be sig- 
nificant for saturation currents. If so, this ohmic drop can no longer be 
neglected as we have done above. For example, if the collector resistance is 
5 Q, then with a collector current of 20 mA the ohmic drop is 0.10 V and |Vca| 
increases from 0.13 to 0.23 V. 
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6-18 TYPICAL TRANSISTOR-JUNCTION VOLTAGE VALUES 


Quite often, in making a transistor-circuit calculation, we are beset by a com- 
plication when we seek to determine the transistor currents. These currents 
are influenced by the transistor-junction voltages. However, to determine 
these junction voltages we would first have to know the very currents we seek 
to determine. A commonly employed and very effective procedure to over- 
come this problem arises from the recognition that certain of the transistor- 
junction voltages are ordinarily small in comparison with externally impressed 
voltages, the junction voltages being in the range of only tenths of volts. We 
may therefore start the calculation by making the first-order approximation 
that these junction voltages are all zero. On this basis we calculate a first- 
order approximation of the current. These first-order currents are now used 
to determine the junction voltages either from transistor characteristics or, 
if they are applicable, from the Ebers-Moll equations. The junction voltages 
so calculated are used to determine a second-order approximation of the cur- 
rents, etc. Asa matter of practice it ordinarily turns out that not many orders 
are called for, since the successive approximations converge to a limit very 
rapidly. Furthermore, a precise calculation is not justifiable because of the 
variability from sample to sample of transistors of a given type. 

The required number of successive approximations may be reduced, or, 
more importantly, the need to make successive approximations may usually 
_ be eliminated completely by recognizing that for many low- and medium-power 
transistors, over a wide range of operating conditions, certain transistor- 
junction voltages lie in a rather narrow range and may be approximated by the 
entries in Table 6-1. Table 6-1 lists the collector-to-emitter saturation voltage 
[Vcx(sat)], the base-to-emitter saturation voltage [Vax(sat) = V.], the base-to- 
emitter voltage in the active region [Vzx(active)], at cutin [Vz g2(cutin) = 
V,], and at cutoff [Vsz(cutoff)]. The entries in the table are appropriate for an 
n-p-n transistor. For a p-n-p transistor the signs of all entries should be 
reversed. Observe that the total range of Var between cutin and saturation is 
rather small, being only 0.2.V. The voltage Vasr(active) has. been located 
somewhat arbitrarily but nonetheless reasonably at the midpoint of the range. 

Of course, particular cases will depart from the estimates of Table 6-1. 
But it is unlikely that the larger of the numbers will be found in error by more 
than about 0.1 V or that the smaller entries will be wrong by more than about 


TABLE 6-1 Typical n-p-n transistor-junction voltages at 25°Ct 


Ver(sat) Var(sat) = V, | Vas(active) | Vex(cutin) = Vy V px(cutoff) 


5 0.0 
1 -0.1 


0. 
0. 


+ The temperature variation of these voltages is discussed in Secs. 6-14 and 6-17. 
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0.05 V. In any event, starting a calculation with the values of Table 6-1 
may well make further approximations unnecessary. 

Finally, it should be noted that the values in Table 6-1 apply to the intrin- 
sic junctions. The base terminal-to-emitter voltage includes the drop across 
the base-spreading resistance rx. Ordinarily the drop 7-Js is small enough 
to be neglected. If, however, the transistor is driven very deeply into satura- 
tion the base current I, may not be negligible, and we must take 


Var = Vat Tare 


6-19 THE VACUUM-TUBE TRIODE! 


Typical triodes used in pulse applications, as well as in other types of circuits, 
are the 6CG7, the 12AU7 (or its equivalent the 5963), the 12AT7, the 12AX7, 
and the 5965. These are miniature tubes and each contains two triode sec- 
tions in one envelope. The 68N7 is a nonminiaturized tube similar to the 
type 6CG7 and was the tube most commonly used in pulse-type equipment 
during World War II. The 5963 and 5965 were designed for use in high-speed 
digital computers. The volt-ampere characteristics of the above tubes are 
given in Appendix D or in this section. The curves for the 5965 are given 
in Figs. 6-30 and 6-31. In these latter characteristics, curves for positive 
grid voltages have been included because, as we shall see, the grid of a tube 
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Fig. 6-30 Negative-grid plate characteristics of 5965 tube. 


Plate current, mA 


Plate voltage, V 
Fig. 6-31 Positive-grid plate characteristics of 5965 tube. The dashed lines 
are loci of constant grid current. 


is often driven positive in pulse circuits. If the region near small plate volt- 
ages is ignored, then the positive-grid curves are very similar in shape and 
spacing to those for negative-grid values. Hence, if the grid signal is supplied 
from a source of low impedance, so that the loading effect on the source due 
to the flow of grid current may be ignored, the tube will continue to operate 
linearly even if the grid signal makes an excursion into the positive-grid 
region. This linearity will continue so long as the grid current is a small 
fraction of the total cathode current. 

In pulse applications, large voltage swings are often encountered, and the 
small-signal equivalent circuit of Sec. 1-5 is meaningless because the tube 
parameters p, rp, and g,, are not constant. The variation of these parameters 
with plate current is given in Fig. 6-32. 

The grid volt-ampere characteristics of the 5965 tube are given in Fig. 6-33. 
At a given plate voltage the grid circuit behaves as a diode. By analogy with 
the definition of the dynamic plate resistance, the dynamic grid resistance r, 
is given by dV¢/dI¢, where Vg and Ig are the instantaneous values of grid 
voltage and current, respectively. The static grid resistance rq is defined as 
the ratio Ve/Ig. From Fig. 6-33 it appears that the difference in values 
between the static and dynamic resistances is not great, except possibly for 
small grid voltages. Furthermore, the value of the grid resistance rg is not a 
sensitive function of plate voltage. From Fig. 6-33 we find that for the 5965 
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Fig. 6-32 Average small-signal parameters of 5965 tube. 


tube, 250 Q is a reasonable value for rg. For other tubes, the grid resistance 
may be much more variable than indicated above. For example, for a 12AU7 
the static rg has values ranging from about 500 to 1,500 2, depending upon the 
values of grid and plate voltages (see the grid current curves of Fig. 6-33). 

The grid current at zero grid-to-cathode voltage, and even for slightly 
negative grid voltages, is often large enough to have an appreciable effect 
on the operation of a circuit. We estimate from Fig. 6-31 that the grid 
current is 


Ig = 400 pA at Ve =O0V 
Ig = 10 uA at Ve = —0.5V 
Ig = 0.25 pA at Ve = —-1V 


Consider, then, that a grid-leak resistor is connected from grid to cathode of 
the 5965. If this grid-leak resistor is R, = (1/0.25) M = 4 M, thena negative 
bias of 1 V will be developed. At a plate voltage of 100 V, the plate current 
corresponding to the 1-V bias is seen from Fig. 6-30 to be 7 mA. If we were 
to neglect the effect of the grid current and assume that Ve = 0, we would 
expect a current of 15 mA, or more than twice the value actually obtained. 
Even if the grid leak were reduced to 50 K, the bias due to grid current would 
be —0.5 V, since (5 X 10‘)(10 X 10-*) = 0.5, and the plate current would be 
about 11 mA, which is still much less than the zero grid-bias value of 15 mA. 


AClamped Grid If, as in Fig. 6-34, the grid leak is tied to the V pp supply 
instead of to the cathode, then the grid-to-cathode voltage will approach nom- 
inal zero for values of R, which are large compared with re. For example, if 
R, = 1M and Vpp = 300 V, then the grid current will be approximately 
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Fig. 6-33 Average volt-ampere grid 
characteristics of the 5965 tube. 


ZaNNe~ 
EaaNNS 
oN 


Grid current, mA 


Gnid voltage, V 


300 uA. From Fig. 6-31, we find that the grid voltage corresponding to this 
grid current is about —0.05 V. (If we assume that the value of rg = 250 2 
is valid at low grid voltages, then the calculated value of Ve is 0.3 K 0.25 
= +0.075 V.) In many pulse circuits it is common to use this connection 
of the grid leak to a high positive voltage. Under such circumstances, where 
the grid is held at the cathode voltage because of the flow of grid current, we 
shall refer to the grid as being clamped to the cathode. Alternatively, the 
tube is said to be in clamp. Clamping is discussed in detail in Chap. 8. 


Variability of Characteristics If the grid voltage is made a few volts neg- 
ative, then the grid current reverses.’ This negative current is caused by the 
positive ions which are attracted to the grid. Since the positive-ion current 
comes from the residual gas in the “vacuum” tube, it is very variable from 
tube to tube, and is usually a small fraction of a microampere. Negative grid 
current can also result from thermionic or photoelectric emission from the grid. 

The characteristics given in Figs. 6-30 to 6-33 are average values as 
supplied by the manufacturer, and the curves for a specific tube may differ 
appreciably from these published values. The Military Specification, MIL- 
E-1, for Electron Tubes gives the limits of variability which may be expected. 


Fig. 6-34 A triode with the grid leak &, con- 
nected to the Vpp supply. 
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The volt-ampere characteristics vary with heater temperature and with 
aging of the tube. In multielement tubes as in diodes, the temperature effect 
is found experimentally to be equivalent to a 0.1-V shift in cathode voltage 
(relative to the other electrodes) for each 10 percent change in heater voltage. 


6-20 ADDITIONAL DEVICES 


A family of plate characteristics for the type 6AU6 pentode is given in Fig. 
D-1. The switching characteristics of a pentode are quite similar to those of 
a triode. 

Devices which, between a pair of terminals, exhibit a negative resistance 
over a portion of their volt-ampere characteristic are considered in Chap. 12. 
Included among these are the tunnel diode, the unijunction transistor, the 
p-n-~p-n diode, the silicon controlled switch, and the avalanche transistor. 

The use of the field-effect transistor in chopper circuit applications is dis- 
cussed in Chap. 17. 
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} /CLIPPING AND 
COMPARATOR CIRCUITS 


In Chaps. 2 through 5 we consider the behavior of linear circuits and 
devices. With such circuits a sinusoidal excitation results in a sinus- 
oidal steady-state response of the same frequency but of a different 
amplitude and phase. Any other excitation results in an output which 
has suffered a change in waveshape. 

In the preceding chapter we discuss the nonlinear properties of 
devices. In electronic systems many useful and interesting functions 
can be performed by taking advantage of the nonlinearity of semi- 
conductor or thermionic devices. In this chapter we describe and 
analyze the manner in which these nonlinear elements, in combination 
with resistors, can function as clipper or as comparator circuits. 

Energy-storage circuit components are not required in the basic 
process of clipping or comparison. Any reactive elements introduced 
in this chapter represent spurious unavoidable stray components (such 
as shunt capacitance). In the following chapters we consider some 
combinations of nonlinear devices, resistors, and energy-storage ele- 
ments which perform other basic functions such as clamping, switching, 
and the generation of square-wave or pulse waveforms. 


7-1 CLIPPING (LIMITING) CIRCUITS 


Clipping circuits are used to select for transmission that part of an 
arbitrary waveform which lies above or below some particular ref- 
erence voltage level. Clipping circuits are also referred to as voltage 
(or current) limiters, amplitude selectors, or slicers. Limiting circuits 
usually fall into one of the following configurations: (1) a series com- 
bination of a diode, resistor, and reference supply (the “diode” may 
be the input circuit of a vacuum-tube triode, pentode, or transistor) ; 
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(2) a network consisting of several diodes, resistors, and reference voltages; 
(8) two emitter-coupled or cathode-coupled triodes operating as an overdriven 
difference amplifier. Some of the more commonly employed clipping circuits 
are now to be described. 


7-2 DIODE CLIPPERS 


In Chap. 6, it is suggested that a diode volt-ampere characteristic may be 
approximated as shown in Fig. 6-10 (and repeated for easy reference in Fig. 
7-1a) by a curve which is piecewise linear and continuous. This idealized diode 
characteristic exhibits a discontinuity in slope at the voltage V,, and this point 
of slope discontinuity is called a break point. The break point occurs at 
V, = 0.2 V for Ge, at Vy ~ 0.6 V for Si, at V, ~ —0.5 V for a thermionic 
diode, and for a “backward” diode (Sec. 12-2), Vy is very nearly zero. Using 
this piecewise linear model of the diode, we find that the clipping circuit 
of Fig. 7-15 has the transmission characteristic shown in Fig. 7-lc. The 
transmission characteristic, which is a plot of the output voltage v, as a func- 
tion of the input voltage »,, also exhibits piecewise linear continuity. A break 
point occurs at the voltage Ve + V,. To the left of the break point (for 
%: < Vr + V,) the diode is reverse-biased (orr). In this region, the signal »; 
may be transmitted directly to the output, since there is no load across the 
output to cause a drop across the series resistor R. To the right of the break 
point, increments Av, in the input are attenuated and appear at the output as 
increments Av, = Av;R,;/(R; + R), in which R, is the diode forward resistance. 

Figure 7-1c shows a sinusoidal input signal of amplitude large enough 
so that the signal makes excursions past the break point. The corresponding 
output exhibits a suppression of the positive peak of the signal. If R, < R, 
then this suppression will be very pronounced, and the positive excursion 
of the output will be sharply limited at the voltage Ve + Vy. The output 
will appear as though the positive peak had been “clipped off” or “sliced off.” 
Often it turns out that Ve >> V,, in which case one may consider that Vp 
itself is the limiting reference voltage. 

In Fig. 7-2a the clipping circuit has been modified in that the diode in 
Fig. 7-1b has been reversed. The corresponding piecewise linear representa- 
tion of the transfer characteristic is shown in Fig. 7-2b. In this circuit, the 
portion of the waveform more positive than Ve — V, is transmitted without 
attenuation, but the less pos:tive portion is greatly suppressed. 


The Break Region The piecewise linear approximation given in Fig. 
7-1a indicates an abrupt discontinuity in slope at V,. Actually, the transition 
of the diode from the orr condition to the on condition is not abrupt. There- 
fore, a waveform which is transmitted through a clipper will not show an 
abrupt onset of clipping at a break point but will instead exhibit a break 
region, that is, a region of transition from unattenuated to attenuated trans- 
mission. We shall now estimate the range of this break region. 
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Fig. 7-1 (a) A diode volt-ampere characteristic is approximated by a broken 
straight line having piecewise linear continuity. (b) A diode clipping circuit 


which transmits that part of the waveform more negative than Vr + Vy. (¢) The 
piecewise linear transmission characteristic of the circuit. A sinusoidal input 
and the clipped output are shown. 

The semiconductor diode equation [Eq. (6-1)] is 


| I = I{e¥lt¥r — 1) 


Beyond the diode break point, for currents [ which are large compared with 
I, we may write 


[= Ige¥ Vr (7-1) 
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Fig.7-2 (a) A diode clipping circuit which transmits that part of the waveform 
more positive than Vz — Vy. (b) The piecewise linear transmission charac- 
teristic of the circuit. A sinusoidal input and the clipped output are shown. 


From the discussion in Sec. 6-5 it follows that Eq. (7-1) applies equally to the 
thermionic diode in the region of small currents, where space-charge effects 
are negligible, provided that J, is interpreted to be the current at zero voltage 
andy = 1. We must, of course, use a value of Vr appropriate to the cathode 
temperature. For an oxide-coated cathode, a reasonable value of the temper- 
ature is T = 1000°K and correspondingly Vr = 0.086 V. Since the limiting 
circuit clips or does not clip depending on whether the diode incremental 
resistance 7 is very large or very small in comparison with the circuit resistance 
R, let us arbitrarily define the break region as the range over which the diode 
resistance is multiplied by some large factor, say 100. The incremental 


diode resistance r = dV /dI and is, from Eq. (7-1), 
eels oped ue (7-2) 


°o 
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Note that 7 varies inversely with the quiescent current and directly with the 
absolute temperature. 

The resistance will be multiplied by a factor 100 over the voltage range 
AV provided that «4”/"”r = 10%, We have then, with 7 = 1 for Ge, 7 = 2 
for Si, Vr = 0.026 V at room temperature, and Vr = 0.086 V at T = 1000°K, 


AV = 2nVr1n 10 
= 0.12 V (Ge) 
= 0.24 V (Si) 
= 0.40 V (thermionic) (7-3) 


Note that the break region is independent of the quiescent current. Thus, 
at any current I >I, (at an arbitrary value of resistance) the dynamic 
resistance is multiplied by a factor of 100 if the voltage is decreased by the 
value of AV given in Eq. (7-3) and divided by 100 if V is increased by AV. 

If a diode is to be effective in a clipping circuit, the signal applied to the 
circuit must carry the diode from a point well to one side of the break region 
to a point well to the other side. If the signal is only of the order of magnitude 
of the extent of the break region, the output will not display sharp limiting. 


Reverse Characteristic We now consider the diode reverse-bias charac- 
teristic. In thermionic diodes the magnitude of the diode current decreases 
monotonically with increasing negative plate-to-cathode voltage. At voltages 
in excess of 0.5 to 0.75 V the current will have fallen to the point where it 
ordinarily need no longer be taken into account. In an ideal semiconductor 
diode, at reverse voltages the reverse current is constant. In a circuit such as 
in Fig. 7-1b this constant current will give rise to a fixed voltage difference 
across R, but this fixed voltage will not prevent the output signal from follow- 
ing the input signal without attenuation. However, in many semiconductor 
diodes (Fig. 6-4) the magnitude of the diode reverse current increases with 
reverse voltage. A piecewise linear and continuous volt-ampere model which 
represents such diodes better than does the characteristic of Fig. 7-1a is 
shown in Fig. 7-3. To the right of the break point, in the forward-biased 
region, the diode resistance is Ry. To the left of the break point, in the back 
or reverse-biased region, the diode resistance is R,. (Actually, of course, in 
the region from the origin to the break point the diode is forward-biased.) 


Fig. 7-3 A piecewise linear and continuous 
approximation to the volt-ampere character- 
istic of a semiconductor diode. The break 
pointis at V = Vy. To the right of V, the 
forward resistance R; is small, and to the 
left the reverse resistance R, is large. 


230 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 7-2 


(d) (c) (d) 

Fig. 7-4 Four diode clipping circuits. In (a) and (c) the diode appears asa shunt 
element. In (b) and (d) the diode appears as a series element. Under each cir- 
cuit appears the output waveform (solid) for a sinusoidal input. The clipped por- 
tion of the input is shown dashed. 


In Figs. 7-1e and 7-2b we have assumed R, arbitrarily large in comparison 
with R. If this condition does not apply, the transmission characteristics 
must be modified. The portions of these curves which are indicated as having 
unity slope must instead be considered to have a slope R,/(R, + R). 

In a transmission region of a diode clipping circuit we require that R, > R, 
for example, that R, = kR, where k is a large number. In the attenuation 
region, we require that R >> R,, for example, that R = kR;. From these two 
equations we deduce that R = ~/R;R, and that k = +~/R,/R;.- On this 
basis we conclude that it is reasonable to select R as the geometrical mean of 
R, and R;. And we note that the ratio R,/R; may well serve as a figure of 
merit for diodes used in the present application. 


Clipping Circuits Figures 7-1 and 7-2 appear again in Fig. 7-4 together 
with variations in which the diodes appear as series elements. If in each case 
a sinusoid is applied at the input, the waveforms at the output will appear 
as shown by the heavy lines. In these output waveforms we have neglected 
V, in comparison with Vz and we have assumed that the break region is 
negligible in comparison with the amplitude of the waveforms. We have 
also assumed that R,>> R >> R;. In two of these circuits the portion of the 
waveform transmitted is that part which lies below Vp; in the other two the 
portion above Vp is transmitted. In two the diode appears as an element 
in series with the signal lead; in two it appears as a shunt element. The use 
of the diode as a series element has the disadvantage that when the diode is 
oFF and it is intended that there be no transmission, fast signals or high- 
frequency waveforms may be transmitted to the output through the diode 
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capacitance. The use of the diode as a shunt element has the disadvantage 
that when the diode is open (back-biased) and it is intended that there be 
transmission, the diode capacitance, together with all other capacitance in 
shunt with the output terminals, will round sharp edges of input waveforms 
and attenuate high-frequency. signals. A second disadvantage of the use 
of the diode as a shunt element is that in such circuits the impedance R, of the 
source which supplies Vz must be kept low. This requirement does not arise 
in circuits where Vz is in series with R, which is normally large compared with 
R,. 

When a diode clipper is used with fast waveforms, then, as the example 
to follow will show, the stray capacitances associated with the circuit may 
not be neglected. 


EXAMPLE The clipper of Fig. 7-52 is to be used with the input waveform indi- 
cated. This input may represent a pulse or half a cycle of a square wave. The 
capacitance C1 is the total effective capacitance shunting the diode (for which 5 pF 
is a reasonable value), and C2 is the total capacitance shunting the output load 
resistor R (>> R,). The value C2 = 20 pF is nominally the input capacitance of an 
oscilloscope probe which we might be using. Find the output waveform, assuming 
that the back resistance is infinite. 


Solution If the diode were perfect and the capacitances were neglected, the output 
waveform would be as shown in Fig. 7-5b. 

Assume that a steady-state condition has been reached in which the input is 
—5 V and the output is 0 V. Now let the input rise abruptly by 10 V. If the 
source impedance is negligible, an impulsive current results and the initial output 
voltage rise is determined entirely by the capacitors. Since C, = 4C,, only one- 
fifth of the input rise will appear across C2; hence the output will jump abruptly 
by 2V. The voltage across the diode is now 3 V and in the direction to make the 
diode conduct. The output », will rise to its final value of 5 V witha time constant 
7, = (Ci + C2)R,, where R, is the forward resistance of the diode. Similarly, 
when the input voltage drops by 10 V, the output voltage will drop abruptly by 


je tp —>| (a) == (c) T2=(C, +C2)R 


Fig. 7-5 (a) A diode clipper circuit with a pulse input. The output (b) neglect- 
ing capacitances, (c) taking capacitances info account. 
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2V. The cathode of the diode is now at +3 V, and the anode is at —5 V. The 
diode will not conduct, and the decay of the output signal to zero will take place 
with a time constant rz = (Ci + C2)R. The resultant waveform is shown in Fig. 
7-5c. If Ry = 100 Q, then7; = 2.5 nsec. On the other hand, re = 25 usec. If, 
say, tp ~ 50 usec, the slow decay on the trailing edge of the signal will be very 
apparent, whereas the rise time of the front edge is negligible. 

If in the above example the capacitance C; across the diode were larger than 
C, across the load, then the output waveform would not have rounded rising and 
falling sides, as indicated in Fig. 7-5. Instead there would be a spike overshoot at 
the front and rear edges (Prob. 7-6). 


_— wera 


7-3 VACUUM-TUBE CLIPPER AT CUTOFF 


A vacuum-tube circuit such as that shown in Fig. 7-6a will limit a signal when 
the grid is driven beyond cutoff. A triode vacuum tube is indicated but a 
pentode would serve as well. In Fig. 7-60 a plot of a typical dynamic transfer 
characteristic of the tube is indicated. The sinusoidal input signal is of such 
magnitude and so biased that the signal makes excursions above and below 
the cutin point, which occurs at the voltage V, (also called the cutoff voltage). 
As appears in the output current waveform, only that part of the input is 
transmitted which is above this cutoff voltage. Note that since the transfer 
characteristic is not linear near cutin, some distortion appears in the output 
waveform. 


Fig. 7-6 (a) A vacuum-tube clipper; (b) the dynamic transfer curve. A sinusoidal 


input signal and the clipped output are shown. The time durations marked A are 
equal, and those marked B are equal. 
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The cutoff point in a vacuum tube is not sharply defined. The abrupt- 
ness with which the plate current increases as the grid voltage rises depends 
upon the tube type and upon the plate voltage at which the tube is operating. 
High-» triodes give sharper cutin break regions than do low-p triodes, and the 
break region becomes less sharp as the plate voltage increases. Except for 
very low plate voltages, the break region at cutoff is less sharp than that of 
either a semiconductor or thermionic diode. Further, the break region in a 
diode is appreciably more stable with respect to device replacement than is the 
case with triodes or pentodes. On the other hand, the nominally infinite input 
impedance of a triode or pentode and the fact that the tube will provide gain 
are both important advantages. 


7-4 CLIPPER USING GRID-CATHODE ‘‘DIODE"’ 


We observe in Fig. 6-33 that the grid-voltage—grid-current characteristic of a 
multielectrode tube has much the same form as the volt-ampere characteristic 
of a simple thermionic diode. In the case of a triode, the characteristic 
depends somewhat on plate voltage, put this dependence is small enough to be 
neglected in our present considerations. It then appears, as in Fig. 7-7a, that a 
triode may be viewed as a combination of a diode and an ideal triode which 
draws no grid current. A clipping circuit using this grid-cathode ‘‘diode,” 
called a grid-current limiter, is shown in Fig. 7-7b, The operation of the circuit 
is illustrated in Fig. 7-8. In Fig. 7-8a the piecewise linear and continuous 
transmission characteristic of the resistor R and diode combination has been 
drawn, assuming for simplicity that the diode break is abrupt, that the break 
occurs at zero voltage, and that R, > R > Ry. A sinusoidal input is indi- 
cated and, as appears, the grid-to-cathode signal v¢ displays a clipped positive 


V, 
(a) GG (d) = 
Fig. 7-7 (a) A representation of a triode taking into account the fact 
that the grid and cathode are the terminals of a diode; (b) a clipping 
circuit which uses the grid-cathode diode. 
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Fig. 7-8 (a) The grid-cathode 
diode clipper of Fig. 7-7 is repre- 
sented by a piecewise linear and 
continuous transfer curve. A sinus- 
oidal input gives a clipped grid 
signal. (b) The clipped grid signal 
is faithfully reproduced in the plate 
current if the dynamic transfer char- 


acteristic is linear. 


1) 


peak. As noted in Sec. 6-19, under these circumstances the grid is said to be 
clamped to the cathode. In Fig. 7-8b a piecewise linear representation is 
shown for the dynamic transfer characteristic of the triode. The grid signal 
vg is applied to the characteristic. Since the grid signal does not make excur- 
sions which cross a break point of this transfer characteristic, the output 
current waveform has the same form as the grid signal. It is important to 
recognize that the clipping which appears in the output current waveform 
is not due to the failure of the plate current to respond to the grid voltage but 
rather to the failure of the grid voltage to respond to the applied signal. As 
appears in Fig. 7-8b and as is pointed out in Sec. 6-19, the plate current will 
respond almost linearly to grid voltage, even for positive grid voltages, up 
to the point where the grid current becomes an appreciable part of the total 
cathode current. 

We have already noted that the diode break is sharper than the cutoff 
break ina triode. Therefore, if the series resistor R in Fig. 7-70 is large enough, 
the clipping which takes place in a triode at the occurrence of grid current 
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may well be sharper than the clipping at cutoff. Further advantages of 
grid-current limiting over cutoff limiting are the following. Assume that the 
cathode temperature of the triode has increased. If the grid-to-cathode 
voltage remained the same, the plate current would increase. However, if 
the grid is drawing current, this current simultaneously increases and, because 
of the resistance R, the grid-to-cathode voltage decreases. As a consequence, 
the plate current remains more nearly constant. The resultant stability of 
the break associated with grid current permits this break to be used in pre- 
cision circuits. Furthermore, when the tube is conducting, the output imped- 
ance is the parallel combination of the plate resistance r, and R,, whereas 
in the case of cutoff clipping the output impedance is Rp. The effect of 
capacitive loading on fast waveforms is therefore less for grid-current limiting 
than for cutoff limiting. On the other hand, the input capacitance is greater 
when the tube conducts and amplifies than when it is cut off and the gain is 
zero, Hence, the capacitive input impedance of a grid-current limiter will 
produce more distortion in a fast signal than will a cutoff limiter because this 
capacitance must charge through &. 


7-5 LIMITING BY BOTTOMING 


There is a third type of limiting possible with a triode. Consider the circuit 
of Fig. 7-7b, but without the series grid resistor which is necessary for grid- 
current limiting. The largest possible plate current is Vep/R,. If we apply 
to the grid, from a low-impedance source, a signal large enough to make the 
plate current nearly equal to Vpp/R,, limiting will take place. For example, 
if the tube is a-type 5965 with Vpp = 300 and R, = 30 K, the current will 
be about 10 mA and the break will be at +2 V at the grid instead of 0 V (see 
Fig. 6-31). Such clipping is sometimes referred to as plate-current saturation, 
but it is not to be confused with any effect associated with maximum cathode 
emission. This type of limiting is also referred to as bottoming, since it results 
when the plate voltage has gone as low as it can go and yet still leave some 
tube voltage to supply the tube current. This type of limiting is not particu- 
larly stable, but it is useful where precision is not required. 


7-6 PENTODE CLIPPERS 


Pentodes may be used as grid-current, cutoff, or bottoming limiters. If a 
high value of plate-circuit resistance is used, then the bottoming takes place 
while the grid voltage is still negative. For example, for a 6AU6 tube with 
Vpp = 300, R, = 100 K, and a screen voltage of 150 V, the plate characteris- 
tics in Fig. D-1 show that the limiting takes place at —2 V on the grid. 

As a cutoff limiter, a pentode with a fixed screen voltage may provide 
a sharper break than a triode. When the grid voltage in a triode changes 
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from a value just below cutoff to a value just above cutoff, the plate voltage 
drops because of the plate resistor. The change in plate current is therefore 
smaller than in the case of a pentode with fixed screen voltage. 


7-7 THE TRANSISTOR CLIPPER 


The transistor has two pronounced nonlinearities which may be used for 
clipping purposes. One occurs as the transistor crosses from cutin into the 
active region, and the second occurs when the transistor crosses from the active 
region to saturation. Therefore, if an input signal waveform makes excursions 
which carry the transistor across the boundary between cutin and active 
operation or across the boundary between the active and saturation regions, a 
portion of the input waveform will be clipped off. Presumably we require 
that the portion of the input waveform which keeps the transistor in the active 
region shall appear at the output without distortion. If such be the case, we 
require that the input current rather than the input voltage have the waveform 
of the signal of interest. The reason for this requirement is that over a large | 
signal excursion in the active region the transistor output current responds 
nominally linearly to the input current but is related in a quite nonlinear man- 
ner (exponentially) to the input voltage. Therefore, in a transistor clipper 
as in other large-signal transistor circuits, we are led to the use of a current 
drive, as indicated in Fig. 7-9. The resistor R, which represents either the 
signal source impedance or a resistor deliberately introduced, must be large 
in comparison with the input resistance of the transistor in the active region. 
Under these circumstances the input base current will very nearly have the 
waveform of the input voltage, for we shall have ig = (v; — Vy)/R, where V, 
is the base-to-emitter cutin voltage. 


The Cutin Region We wish to know at what input voltage the circuit of 
Fig. 7-9 enters the active region. We shall now discuss this matter. In See. 
6-17 we find that a transistor comes out of cutoff in the neighborhood of 0.1-V 
reverse bias for germanium or 0 V for silicon. More precisely, we find that 
at this back-biasing voltage the emitter current is zero and that the collector 
current, which equals the reverse-saturation current I¢so, flows also in the 


Fig. 7-9 A transistor clipper. 
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base lead. The collector current starts to increase above |Zczo| as we begin 
to forward-bias the transistor. However, the reverse saturation current 
is so small (nanoamperes for Si and microamperes for Ge) that a substantial 
forward bias V, is required before the collector current becomes a small frac- 
tion (say 1 percent) of its rated value. In Table 6-1 (page 219) we find that 
this cutin voltage V, is of the order of 0.5 V for Si and 0.1 V for Ge. 

The cutin values just quoted are to be taken only as reasonable estimates 
and are not intended to apply precisely to any particular transistor type. 
Our definition of the point at which the transistor comes into conduction 
depends on the transistor and the circuit application. In one instance we 
may consider that a collector-current change of only 10 »A brings the transistor 
into the active region, whereas in another instance we may require 100 vA 
or more. In any event, we find experimentally that germanium transistors, in 
general, cut in at vgg some tens of millivolts either side of 0.1 V, and in silicon 
vez Will be some tens of millivolts either side of 0.5 V. These considerations 
also make it clear that to keep a silicon transistor in cutoff it may be quite 
adequate at room temperature to return its base to the emitter through a 
resistor and thus not to use a reverse-biasing voltage. In the case of a ger- 
manium transistor, however, such an arrangement would almost never be 
suitable. At elevated temperatures, even with silicon a reverse-bias supply 
will be necessary, as indicated in Sec. 6-8 in connection with Fig. 6-15. 


Input Resistance Another parameter of interest for the transistor clipper . 
of Fig. 7-9 is the incremental resistance seen looking into the terminals 
between base and emitter. When the switch is in the cutoff condition the 
incremental resistance may well be many tens of megohms in magnitude. Its 
precise value is of no great importance so long as it is large in comparison with 
R& in Fig. 7-9. As noted in Sec. 1-12, when the transistor collector-circuit 
resistance is small (say below about 5 K) and the transistor enters its active 
region, the input impedance is approximately the short-circuit input resistance 
hie. From Eggs. (1-12) and (1-11) 


Rie = Te + Tore = Tr + fs (7-4) 


in which ry is the base-spreading resistance, h,, is the short-circuit common- 
emitter current gain, and g,, the transconductance. If the value of g,, from 
Kq. (1-9) is substituted into Eq. (7-4), we obtain 

Ia = ar + hye +1) TF (7-5) 

E 

Note that the input resistance varies inversely with emitter current. (This 
result remains valid even for large values of R,. The general expression for 
the input impedance is given in Prob. 7-10.) Accordingly, as the transistor 
comes out of cutoff and moves further into the active region its input resistance 
decreases. As an example, in a germanium transistor for which y = 1, 
ro = 100 Q, and h,, = 49, at an emitter current Iz of 100 uA the input resist- 
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ance is h;, = 100 + 50 X 260 = 13,1009. At Iz = 1mA,h;, = 1,400 Q, and 
at Ig = 10 mA, hi. = 28309. We have neglected the variation of the param- 
eter hy, with transistor current because this variation is small in comparison with 
the variation in g,. Accordingly, it is quite customary, in driving a transistor 
switch from cutin well into the active region, to encounter changes in input 
resistance by a factor of 100 or more with resistance variation from tens or 
hundreds of thousands of ohms to a few hundred ohms. 


Waveforms Waveforms for the clipper in Fig. 7-9 are shown in Fig. 7-10. 
Here we consider that the input signal v; is a ramp which starts at a voltage 
below cutoff and carries the transistor into saturation. The voltage scale in 
Fig. 7-10a is appropriate for an n-p-n germanium transistor. The slope 
dvgz/dt of the base waveform is related to the slope dv,/dt of the input by 


dvgr _ hie dv; 
a Rk a (7-6) 


The input impedance h,, decreases as the transistor goes further into the active 
region, and consequently the slope of dvgz/dt decreases also. In saturation 
the current gain hy. = 0 and h,. falls to the low value ry + 9Vr/|Iz|. For 
example, if the saturation current is 1 mA, then the minimum input resistance 
in the active region, just before saturation, is 1,400 2, whereas when the 
transistor enters saturation, the input impedance drops to about 1269. This 
abrupt lowering of the input resistance results in a sharp limiting of the voltage 


Voltage, V 


Saturation 


0.3 


Fig. 7-10 Waveforms of the tran- 
sistor clipper of Fig. 7-9. (a) The 
voltage Ysz which results when a 
ramp input drives the switch from 
cutoff into saturation. (b) The base 
and collector currents. 
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Fig. 7-11 Waveforms for the transistor 
clipper of Fig. 7-9. The input v; is sinusoidal 
and large enough to carry the transistor 
both into saturation and below cutoff. The 
base is biased so that cutin occurs at the 
voltage V. (a) The input voltage v; and 
the base-to-emitter voltage vse; (b) the base 
current; (c) the collector current and (d) the 
output (collector) voltage. 


Ugz, and the waveform remains nominally constant at the base-to-emitter 
voltage corresponding to saturation. 
The slope of the base current ig is given by 


diz 1 dy, 


dt Rh, dt 
and hence increases as the transistor goes further into the active region and 
eventually into saturation. In the active region, as shown in Fig. 7-10b, the 
collector current will have the same form as the base current. In saturation, 
however, the collector current will remain constant at 


-_ Veo — Ver(sat) — 
Cl eS) cee = £C8 


This limiting occurs when ig > Ics/hrz. 
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The waveforms which result when a sinusoidal voltage v; carries the tran- 
sistor from cutoff to saturation are shown in Fig. 7-11. The base circuit ig 
biased so that cutin occurs when vgz reaches the voltage V. 


7-8 CLIPPING AT TWO INDEPENDENT LEVELS 


The waveform ic in Fig. 7-11 exhibits clipping at two currents. In the wave- 
form of Fig. 7-11, however, the levels at which clipping occurs are not independ- 
ently adjustable but are separated by the current Jc¢s. Similarly, a vacuum 
tube may be used to clip both the positive and negative extremities of a signal 
by adjusting the tube bias and signal amplitude so that clipping occurs both at 
cutoff and as the tube is driven to clamp. In this case also the clipping levels 


Fig. 7-12 (a) A double-diode clipper which limits at two independent levels. 
(b) The piecewise linear transfer curve for the circuit in (a). The doubly 
clipped output for a sinusoidal input is shown. , 
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are not independently adjustable. The region between cutoff and zero grid 
voltage is called the grid base of the tube. 

Diode clippers may be used in pairs to perform double-ended limiting 
at independent levels. A parallel, a series, or 2 series-parallel arrangement 
may be used. A parallel arrangement is shown in Fig. 7-12a. Figure 7-12b 
shows the piecewise linear and continuous input-output voltage curve for the 
circuit in Fig. 7-12a. The transfer curve has two break points, one at v, = 
v; = Vri and a second at », = v; = Vaz, and has the following characteristics 
(assuming Vr2 > Vai): 


Input »; Output v, Diode states 
vu: < Vera vo = Vari D1 on, D2 orr 
Var<vu< Vero 1% = 29; D1 orr, D2 oF 


v: > Vre vo = Vro D1 OFF, D2 on 


The circuit of Fig. 7-12a is referred to as a slicer because the output contains 
a slice of the input between the two reference levels Vai and Vr. 

The circuit is used as a means of converting a sinusoidal waveform into a 
square wave. In this application, to generate a symmetrical square wave, 
Vri and Vre are adjusted to be numerically equal but of opposite sign. The 
transfer characteristic passes through the origin under these conditions, and 
the waveform is clipped symmetrically top and bottom. If the amplitude. 
of the sinusoidal waveform is very large in comparison with the difference 
in the reference levels, then the output waveform will have been squared. 

Two avalanche diodes in series opposing, as indicated in Fig. 7-13a, 
constitute another form of double-ended clipper. If the diodes have identical 
characteristics then a symmetrical limiter is obtained. If the breakdown 
(Zener) voltage is Vz and if the cutin voltage in the forward direction is 
V, (= 0.5 V for Si), then the transfer characteristic of Fig. 7-13) is obtained. 


(a) (bd) 


Fig. 7-13. (a) A double-ended clipper using avalanche diodes; 
(b) the transfer characteristic. 
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7-9 CATHODE-COUPLED AND EMITTER-COUPLED CLIPPER 


The cathode-coupled and emitter-coupled circuits of Fig. 7-14a and b may be 
used as double-ended clippers. Qualitatively the operation of these circuits is 
the following. Consider initially that the input voltage v; is negative enough 
to ensure that V1 (or Q1) is in cutoff. Then only V2 (Q2) is carrying current. 
We consider that Veg: (Vzez2) has been adjusted so that V2 is within its grid 
base (Q2 is in its active region). As v; increases, V1 (Q1) will eventually come 
out of cutoff, both tubes (transistors) will be carrying current, and the input 
signal will appear at the output, amplified but not inverted. As v; continues 
its excursion in the positive direction the common cathode (common emitter) 
will follow the-grid of V1 (the base of Q1). Since the grid of V2 (the base of 
Q2) is fixed, a point will be reached when the rising cathode (emitter) cuts off 
V2 (Q2). In summary, the input signal is amplified but twice limited, once 
by the cutoff of V1 (Q1) and once by the onset of cutoff in V2 (Q2). 

To consider these circuits more quantitatively, let us make the simplifying 
assumption that the current Z in Fig. 7-14 is constant. Such would be the 
case if |vexe| (\vez2|) were small compared with Veg: + Vex (Vase + Ver). 
In making this assumption we lose no essential feature of the operation of the 
circuit, and we may now describe the operation of the circuit in the following 
way. When »; is below the cutoff point of V1 (Q1), all the current J flows 
through V2 (Q2). As 9; carries V1 (Q1) above cutoff, the current in V2 (Q2) 

. decreases while the current in V1 (Q1) increases, the sum of the currents in the 
two active devices remaining constant and equal to I. The total range Av, 
over which the output can follow the input is R,/(R-Z) and is therefore adjust- 
able through an adjustment of 7. The absolute voltage of the portion of the 
input waveform selected for transmission may be selected through an adjust- 


pp (150 V) 


(2) © — Vex (— 200 V) 


Fig. 7-14 (a) A cathode-coupled two-level clipping circuit; (b) an emitter-coupled 
clipping circuit. 
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ment of a biasing voltage on which », is superimposed or through an adjustment 
of Vege (Vaz2). The total range of input voltage Av; between clipping limits 
is Av,/A, in which A is the gain through the amplifier stage. 

The vacuum-tube circuit of Fig. 7-14a has the merit of offering a high 
input impedance, since the tube grids need never draw grid current. The 
illustrative example which follows shows how the piecewise linear transmission 
characteristic of the vacuum-tube circuit may be determined. 


EXAMPLE The circuit of Fig. 7-14a has Vep = 150 V, Vxx = 200 V, Voor = 0, 
R, = 10K, and Rx, = 40K. Find the values of input voltage »; at which limiting 
occurs and find the corresponding limited voltages v, at the output. The tube is 
a 12AU7 (Fig. D-5). 


Solution Consider initially that V1 is orr. Using the procedure of Sec.-1-10 we 
calculate that the grid-to-cathode voltage drop of V2 is Vex: = —3V. The cur- 
rent in V2 is Jz = (200 + 3)/40 = 5.08 mA. The lower limiting voltage, from 
the plate of V2 to the ground terminal N, is Vpw2 = Vpp — I2Rp = 150 — 5.08 X 
10 = 99 V = Vir. Since the common-cathode voltage with respect to ground is 
Ven = 3 V, then Vpxi = Vep — Vxw = 150 — 3 = 147 V. At this voltage, 
grid cutin occurs at Vex: = —11 V = V,,. Therefore the lower of the limiting 
voltages at the grid of V1 is Vow: = Voxi + Vew = -—11 +3 = -—8 V& Viz. 

As the grid of V1 rises, so also will the common cathode. We need to calculate 
the cathode voltage at which V2 cuts off. Here we encounter a minor complica- 
tion. For, to determine this cutin voltage V,2. we need to know Vpx2 and hence 
need to know the very cathode voltage we seek to determine. This complication, 
which occurs frequently in the analysis of tube (and transistor) circuits, is easily 
resolved by using a series of successive approximations. Thus, in the present 
instance, we estimate that at cutin Vex2 = 150 V. Correspondingly, from Fig. 
D-5 we find that Vz = --11 V. On this basis, however, Vex: = 139 V, and the 
corresponding V,, is closer to —-10 V. Now Vpx2 = 140 V and, in principle, we 
might make a further correction in cutin voltage, etc. But the accuracy with 
which published average tube characteristics represent @ particular sample of a 
tube type hardly warrants further extension of the approximation. 


Vii =-8 iu = u3,V 


Fig. 7-15 The piecewise linear transfer characteristic of 
the cathode-coupled clipper specified in the example. 
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We have found that V2 cuts off when the cathode voltage is Vxw = +10 
V. Hence, J; = (200 + 10)/40 = 5.25 mA. From the tube characteristic we 
read (at Vex: = 140 V, I, = 5.25 mA) that Vexi ~ —5 V. Thus the upper 
limiting voltage at the grid of V1 is Vow: = Voxi + Vaew = —5 +10 = +5 
V = Vv. The corresponding limit at the output plate is Vou = Vpp = 150 V. 
The change in total cathode current from one limit to the other is 5.25 — 5.08 = 
0.2 mA, a change of less than 4 percent. In passing, we may note that, having 
determined the lower limiting point, we might have determined the upper limiting 
point by calculating the gain A as indicated earlier. We are, however, reluctant 
to do this because the tubes operate from cutoff to well into their grid bases and it is 
uncertain what values are to be assigned to the tube parameters. Finally, we may 
see in Fig. 7-15 a piecewise linear and continuous transfer characteristic of the 
circuit. To draw this figure we have idealized the triodes by considering that 
cutin is sharp and that within the grid base the tubes operate linearly. The aver- 
age gain is now seen to be 
Vou a Vor 150 a 99 _ 


AS = 
Viw — Vit 56+8 


3.9 


Transfer Characteristic of the Emitter-coupled Clipper We shall find 
the transfer curve of the circuit of Fig. 7-14b. The emitter current is 


T= qT; + Ty = Vara tae — v2 (7-7) 


In Table 6-1 (page 219) we see that the base-to-emitter voltage changes by only 
0.2 V from cutin to saturation. Hence, as long as Vase + Vez > v2, I 
remains essentially constant. The upper output limited level is Vir = Vee 
and corresponds to J, = 0 and J; = J. The lower output limited level is 


Vou = Vee — Teak. (7-8) 
and corresponds to J, = 0 and J, = I. Note that 


ee ey See Tes (1 + 
FE 


Hence, in Eq. (7-8), Ic: = I/(1 + 1/hrz), where I is obtained from Eq. (7-7). 
From Fig. 7-146 we find 


vi = Vase + 01 — Ue (7-9) 


Since the current varies exponentially with base-to-emitter voltage (v1 or v2), 
the cutoff (and hence the clipped) levels are approached asymptotically. Let 
us therefore define (as indicated in Fig. 7-16) the upper input level Viz to cor- 
respond to Jz, = 0.17 and I; = 0.97. Similarly, we define the lower input 
level V;z to correspond to J; = 0.17 and I; =.0.97. From Eq. (6-33) the base- 
to-emitter voltage is 


Ve = nVr In (1 — tes site) 


Izo 
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Q1 on 


<_@1 OFF 
Q2 on 


Q2 on 


Q1 on 
Q2 oFF 


Fig. 7-16 The transfer 
characteristic of the 
emitter-coupled clipper. 


nV; In9 nV, Ind 


4-49 Vy a 
Neglecting the small base current in the active region, Ic ~ —Izg, and since 
the second term in the parentheses is large compared with the first, 
Vz ~ Vr In =O ats (7-10) 
EO 


Since 1, = Vz if J; = —I,g and v, = Vz if I; = —Iz, then from Eq. (7-9) 


ee Vien ay in ba als eye In Gals 
'O 


F} EO 
= Voor +9VrinF (7-11) 
Hence 
0.97 
Viv = Vane + Vr in dl 7 Ven2 + Vrln9 (7-12) 
and 
0.17 
Vin = Ven. + aVr In 0.9o7 = Vere — nVr In9 (7-13) 


These results are indicated in Fig. 7-16. Since at room temperature 
Vr = 26 mV and since In9 = 2.2, then the input swing is +57 mV for Ge 
and +114 mV for Si, centered about the reference voltage Vgao. In general, 
the total input voltage swing Av, to carry the output through its entire swing 
V, =f oR. is 


Av; = 2nV r In9 = 4.4nVp (7-14) 


This increment is proportional to the junction temperature. These results 
have been verified experimentally.! If the transistor parameters are not 
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identical for the two sections, then the transfer curve will not be symmetrical 
with respect to Veze. 

Since the current switches from Q2 to Q1, with the total emitter current 
remaining constant, this circuit is often referred to as a “‘current-mode switch.” 
Note that neither transistor need be in saturation at any point over the entire 
range of operating voltages. 


7-10 COMPENSATION FOR TEMPERATURE CHANGES 
IN DIODES 


The break point of a semiconductor diode depends on the junction temperature, 
and the break point of a thermionic diode depends on the cathode temperature. 
From Eq. (6-7) we note that for semiconductor diodes the break point decreases 
by about 2 mV/°C with increase in temperature. Experimentally it is found 
that in a thermionic diode the break point becomes more negative by about 
100 mV for a 10 percent increase in heater voltage. 

It is convenient in the discussion to follow to represent the actual diode 
as an ideal diode in which the break point occurs at zero voltage and to add 
in series with the diode a voltage source equal to the offset voltage V, A 
simple clipping circuit in which the diode is represented in this manner is 
shown in Fig. 7-17a. The polarity of the source V, is appropriate for semi- 
conductor diodes. For thermionic diodes the polarity must be reversed. It 
is apparent from Fig. 7-17a, as well as from earlier discussions, that since V, 
depends on temperature, so also must the point on the input waveform at 
which clipping takes place. 

A scheme for temperature compensation is shown in Fig. 7-17b. The 
second diode D2 introduces a second source Vy, and we may expect that if 
both diodes experience the same change in junction temperature or heater 
voltage the change in V, in D2 will compensate for the change in D1. The 
break point occurs at v; = Vr =. In practice we find that, because of 
differences in diodes even of a particular type, compensation is not perfect. 


Actual diode, D1 
"1 


Fig. 7-17 (a) Illustrating that the point of clipping is a function of the diode 
temperature, because V, depends upon T; (b) a scheme for temperature 
compensation. 
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With some selection of diodes, however, an improvement by a factor of 5 or 
even better is not difficult to achieve. 

The auxiliary supply V’ and resistor R’ are necessary to keep diode D2 
conducting at all times. Otherwise, if D1 were conducting, but if D2 were 
back-biased, there would be no transmission of signal to the output. This 
condition—that D2 must conduct—establishes an upper limit to the allowable 
magnitude of »; before a second limiting (not intended) occurs as D2 goes OFF. 
Frem the condition that the current in the diode D2 must always be in the 
forward direction we find 


v,(maximum) = Vr + x (V' — V,) (7-15) 


An alternative compensating circuit which avoids the need for a separate 
ungrounded source V’ is shown in Fig. 7-18a. Here the source Vp serves 
simultaneously as the reference voltage and as the source that causes current 
to flow through D2. As in the previous circuit, the input must be restrained 
from becoming so large that it reduces to zero the current through D2. In 
this circuit, a change in V, occasioned by a change in temperature will cause 
a change in the d-c level of the output voltage since (if R, > R > Ry) 


Vo = Ve — Vy if, < Ve 


(7-16) 
%=vn—V, ifv; > Ve 


We observe, however, that independently of V,, just before diode D1 con- 
ducts, the voltage at the cathode of the ideal diode in D1 is Vp. Accordingly, 
a change in temperature will not change the point (v; = Var) on the input 
waveform at which clipping occurs. 

Still another temperature-compensated clipping circuit is shown in Fig. 
7-186. This circuit has the transfer characteristic indicated in Eq. (7-16). 
When »% < Ve, D1 is orr, D2 is on, and »» = Ve ~ Vy. When »; > Va, 
D1 is on, », = »; -- V,, which is greater than Ve — V,, and therefore D2 is 
orr. Thus, at 0; = Ve the diodes switch simultaneously, D1 from orr to on 


Fig. 7-18 Alternative schemes for temperature compensation of clippers. 
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and D2 from on to orr. The clipping level is Vz, independently of the 
voltage V, and hence of the temperature. 

This circuit does not have the inconvenient requirement that a current 
be maintained in the compensating diode, as is the case with the previous 
circuits. It does have the disadvantage, however, that the sharpness of the 
break region may be adversely affected. For when the input signal », rises 
to the point where D1 starts to conduct, all the current initially flowing through 
D2 must transfer to D1 before the output v, can respond fully to the input 
signal, Because of the finite forward resistances of the diodes this transfer 
does not take place abruptly but extends over a finite range of the input 
voltage, thus extending the break region (Prob. 7-25). 


7-11 COMPARATORS 


The nonlinear circuits which we have used to perform the operation of clipping 
may also be used to perform the operation of comparison. In this case the 
circuits become elements of a comparator system and are usually referred to 
simply as comparators. A comparator circuit is one which may be used to 
mark the instant when an arbitrary waveform attains some reference level. 
The distinction between comparator circuits and the clipping circuits con- 
sidered earlier is that in a comparator there is no interest in reproducing any 
part of the signal waveform. For example, the comparator output may consist 
of an abrupt departure from some quiescent level which occurs at the time the 
signal attains the reference level but is otherwise independent of the signal. 
Or the comparator output may be a sharp pulse which occurs when signal and 
reference are equal. 

The diode circuit of Fig. 7-19 which we encountered earlier as a clipping 
circuit is used here in a comparator operation. For the sake of illustration 
the input signal-is taken as a ramp. This input crosses the voltage level 
» = Ve at time t= t. The output remains quiescent at » = Ve until 
t= t&, after which it rises with the input signal. The output waveform is 
drawn on the basis of the assumption that the diode has a break point at zero 
voltage and that the diode resistance changes abruptly at the break point from 
infinite reverse resistance to a finite forward resistance. 

The device to which the comparator output is applied will respond when 
the comparator voltage has risen to some level V, above Vr. However, the 
precise voltage at which this device responds is subject to some variability 
Av, because of gradual changes which result from aging of components, temper- 
ature changes, etc. As a consequence (as shown in Fig. 7-19) there will be a 
variability At in the precise moment at which this device responds and an 
uncertainty Av; in the input voltage corresponding to At. Furthermore, if 
the device responds in the range Av,, the device will respond not at t= h 
but at some later time ¢2. The situation may be improved by increasing the 
slope of the rising portion of the output waveform »v,. If the diode were 
indeed ideal, it would be advantageous to follow the comparator of Fig. 7-19 
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(a) 


(0) 


Fig. 7-19 (a) A diode comparator; (b) the comparison operation is illus- 
trated with a ramp input signal v; and the corresponding output waveform 
is indicated. 


by an amplifier. For then, if the amplifier had a gain A, the output v, would 
pass through the range Av, in an interval At/A and the delay in response would 
be reduced to (t2 — t:)/A. We-shall, however, now show that because of the 
characteristics of an actual diode such an anticipated advantage is not realized. 

In Chap. 6 we define the diode break point to be the point in the neigh- 
borhood of the diode voltage which yields a diode current approximately 
1 percent of the rated diode current. This definition does not define a break 
point for a diode-resistor series combination, as in Fig. 7-19. For such a 
. combination we may arrive at a definition of a break point in the following way. 
To the left of the break point the diode incremental resistance r should be very 
much larger than the resistance R. To the right of the break point the diode 
resistance r should be very much smaller than R. It seems reasonable, then, 
to consider that the break point is located at about the place where r = R. 
At this point the transmission gain Av,/Av; = R/(R +r) =2. Now let us 
suppose that we have connected the comparator of Fig. 7-19 directly to the 
device it is to actuate. The device will respond when the diode current is, say, 
J, and the drop across R is RJ. Now let us interpose an amplifier of gain A 
between the comparator and the device to be actuated. It is to be understood 
that the amplifier is coupled to the comparator in such a way that it amplifies 
only the changes in comparator output voltage and not the reference voltage 
Vr. Then the comparator will cause a response when the amplifier output is 
RI or when the drop across R is RI/A, corresponding to a diode current I/ A. 
From Eq. (6-12) we have the result that the diode incremental resistance is 
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inversely proportional to J. Therefore, if an amplifier is used, the device 
actuated by the comparator will respond at a current such that r = RA. The 
transmission gain between amplifier output and comparator input is A times 
that of the diode-resistor combination with r = RA, or with the amplifier 
in place, 


Ayn, Rk __AR___A 
ay “Rtr R+RA I+A4 


Even if A were to become arbitrarily large, this last ratio will attain a maxi- 
mum value of unity. Since we found above that the transmission gain without 
the amplifier was }$, then an infinite gain device gives an improvement by 
only a factor of 2. This discussion concerning a diode-resistor comparator 
break point is summarized by noting that the voltage of the input signal at 
which the comparator yields an output depends not only on the diode but also - 
on the value selected for R, that the comparator break point depends also 
on the gain of the amplifier following the comparator, and finally that the 
sharpness of the comparator break is not materially improved by an amplifier 
following the comparator. All these features are to be seen in the diode 
comparator input-output curves shown in Fig. 7-20. 

In addition to the lack of sharpness in the comparator-element break 
region, there is a second source of difficulty in comparators. This difficulty 
results from the instability of the components constituting the comparator 
circuit. For example, as is pointed out in Sec. 7-10, there is a shift of about 
—2 mV/°C in the voltage at which a constant current is obtained in a semi- 
conductor diode. Such a shift will have a corresponding effect on the effective 


(7-17) - 


Amplifier 
gain, A 


¥ 


(a) 


Fig. 7-20 (a) Illustrating that an amplifier following a diode comparator 
does not improve the comparator sharpness but does move the break 
point; (b) illustrating that variation of R does not change comparator 
sharpness but does move the break point. 


(b) 
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reference point of a diode comparator. To minimize instability of this type, it 
may be necessary to use some one of the compensating schemes described in 
Sec. 7-10, or for a thermionic diode it may be necessary to regulate the heater 
voltage. é 

There is also a third type of error encountered in comparators which 
results from the presence of reactive elements in the circuit. Such reactive 
components are energy-storing elements, and therefore the effective reference 
point of a comparator may depend somewhat on the past history of the 
circuit. The reference point will then be a function of the nature of the input 
signal, ie., its amplitude, repetition rate, etc. With the simple diode com~ 
parator considered thus far, the principal reactive elements are the capacitances 
across the diode and across the load. 

A metal-semiconductor diode {also called a hot-carrier diode (Sec. 20-9)], 
with the very sharp break in its volt-ampere characteristic, its very low capaci- 
tance, and negligible storage time, makes an excellent comparator element. 


7-12 BREAKAWAY DIODE AND AMPLIFIER 


If, in a series combination of resistor and diode, the output is taken across the 
diode, the circuit will continue to operate as a comparator. A comparator 
‘of this type with a ramp input is shown in Fig. 7-21. The diode in Fig. 7-19 
is often referred to as a pick-off diode, while the diode in Fig. 7-21 is called a. 
breakaway diode.. The stray capacitance shunting the output will limit the 


Fig. 7-21 (a) A comparator using a “breakaway” diode; (b) the output 
waveform for a ramp input signal given by » = V — at, where V > Ve. 
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(c) 5 


i 
Fig. 7-22 (a) An amplifier precedes the diode comparator; 
(b) equivalent circuit where A is the magnitude of the amplifier 
gain; (c) transfer characteristic. 


abruptness of change in the output waveform more seriously in the circuit of 
. Fig. 7-21 than in the circuit of Fig. 7-19. For this reason the former circuit 
is not frequently used where fast waveforms are encountered. On the other 
hand, in the series diode circuit of Fig. 7-19 some of the input voltage, for fast 
waveforms, will appear at the output even for voltages less than Vez because 
of the diode shunt capacitance. 

Although an amplifier which follows a diode-resistor comparator does not 
improve the sharpness of the comparator break, an amplifier preceding the 
comparator will do so. Thus, suppose that the input signal to a diode com- 
parator must go through a range Av; to carry the comparator through its 
uncertainty region. Then, if the amplifier has a gain A, the input signal 
need only go through the range Av,/A to carry the comparator output through 
the same voltage range. A simple example of a comparator using this principle 
is shown in Fig. 7-22a. Replacing the amplifier by its Thévenin’s equivalent, 
we have the circuit shown in Fig. 7-22b, in which A is the amplifier gain and 
R, is the output impedance of the amplifier including Ry. The battery V 
represents the quiescent output voltage. The circuit is of the type shown in 
Fig. 7-21, in which the output is taken across the diode. A plot of output 
against input voltage exhibits the break shown in Fig. 7-22c. 

A disadvantage normally encountered when an amplifier precedes a com- 
parator results from the fact that, as in Fig. 7-22a, the amplifier must be direct- 
coupled to the comparator so as to avoid energy-storage elements. If, there- 
fore, there should be a drift-in the output voltage of the amplifier corresponding 
to a fixed input voltage, then the comparator reference point would shift 
correspondingly. Accordingly, unless care is taken to stabilize the amplifier 
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against such drift the amplifier-comparator combination may lose more in 
accuracy through the use of the amplifier than it gains in precision. 


7-13 DIODE-DIFFERENTIATOR COMPARATOR 


The diode circuit of Fig. 7-19 is not a complete comparator system by itself. 
When the input signal rises past Vp the output voltage will depart from Vz, and 
this change in output voltage will be applied to a device which is to be actu- 
ated. The precise moment at which the device will respond will depend on its 
own characteristics. Why, then, use the diode comparator at all? The 
answer is that the diode network lends convenience to the operation. The 


output device will not have to contend with the input signal until shortly’ 


before the comparison point is reached. The diode circuit is especially con- 
venient when the signal is passed through an amplifier in order to improve the 
precision of the comparison. 

Just as it is convenient to restrain the signal from reaching the actuated 
device until shortly before the moment of comparison, so also it is convenient 
to remove the signal after the comparison has been completed. A signal 
appropriate for this purpose can be generated by a double differentiation of the 
output signal of Fig. 7-19. Such a circuit is shown in Fig. 7-23. The amplifier 
is used to prevent the second differentiator from loading the first and also 
serves to increase the amplitude of the output to a convenient level. Wave- 
forms for the circuit of Fig. 7-23 are shown in Fig. 7-24 for the special case 
where RiC, = R2C, = 7, where R, is the parallel combination of R; and the 
input impedance of the amplifier. Beginning at ¢ = ¢’, at which time v; = Ve, 
the amplifier input voltage v4 rises from zero and approaches ar exponentially, 
a being the slope of the input ramp. The second differentiator converts the 
exponential to a pulse, as shown in Fig. 7-24c. The pulse waveform is given 
by Eq.. (2-20) as 


vo = Aarxe* (7-18) 


where now x = (¢ — #’)/r. 


——n yn ree! 
Selector Differentiator Amplifier Differentiator 


Fig. 7-23. A comparator followed by two differentiators 
to provide a pulse-type comparator output. 
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Fig. 7-24 Waveforms of the circuit 
of Fig. 7-23. (a) Ramp input; (b) 
waveform after first differentiation; 
(c) pulse-type output. 


From Eq. (7-18) we deduce that the pulse amplitude V,, is 0.37a@Ar, the 

' pulse width at half maximum is 2.47, and the pulse peak occurs x = 1 or 
at t= t' +7r=%. In arriving at the pulse waveform of Fig. 7-24 we have © 
again assumed an ideal diode. The actual form of the pulse will appear more 
nearly as shown in Fig. 7-25, where two different amplifier gains Ai and 
Az (42 > A) are considered. The pulse does not rise abruptly, and conse- 


Gain A, 


Fig. 7-25 The waveform of the output 
pulse of Fig. 7-23 for two gains, taking 
into account the lack of abruptness of 
the diode break. 
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quently when the gain is increased the pulse becomes not only larger but also 
broader. Accordingly, we see that the pulse is not made sharper with increased 
gain. Of course, as before, if the gain were introduced before the diode the 
output pulse would indeed be sharper. : 


7-14 ACCURATE TIME DELAYS 


To see one way in which the circuit of Fig. 7-23 may be usefully employed, 
consider that the slope a of the input ramp is known. If the comparison or 
reference voltage Vz is set at some value Vg, a pulse will be generated with a 
peak at t = t. If in a second comparator Vz = Vre, then a pulse will occur 
at {= t2. We need then but measure the d-c voltage difference Vro — Vai 
in order to establish the time difference between the two pulses, since 


Vre Sy Vri 


&—-—t = Fe 


Alternatively, if in a single comparator circuit we change Vr by AVr, then we 
also have changed the time of occurrence of the pulse by At = AVr/a. If it 
should happen that the ramp is being used as the time base of a CRO display, 
the pulse may then be used as a timing marker. Comparators are used exten- 
sively in this manner for timing purposes in radar systems. Altogether, we 
see that the combination of a ramp of known slope used in connection with a 
comparator allows us to establish or measure a time interval simply by measur- 
ing a voltage. We have here a voltage-to-time converter. 

We have defined the operation of comparison as one in which a determina- 
tion is made of the precise moment at which a signal voltage attains some 
reference voltage. On this basis, the pulse-generating circuit of Fig. 7-23 
may or may not be a comparator, depending on the exact manner in which 
its signal is used. On the one hand, suppose that the pulse signal is applied 
to some device which responds at some particular voltage on the rising edge 
of the pulse. Then the device would respond as well when this particular 
voltage is attained even if the diode and double differentiation were not. used. 
It is, then, the device that performs the operation of comparison, and the 
circuit of Fig. 7-23 is used as a matter of convenience. Such might be the 
case if we used the pulse to modulate the intensity of a CRO and take note of 
the position where the trace intensity just dropped to zero. In this case the 

‘comparator operation would actually be performed by the combination of the 
‘nonlinearity of the CRO screen (intensity versus beam current) and the eye 
of the observer. On the other hand, if we superimposed the pulse on the 
deflection signal and noted, with whatever precision is possible (taking account 
of the pulse width), the position of the pulse peak, then the circuit of Fig. 
7-23 is itself performing the operation of comparison. 
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7-15 AN AMPLIFIER FOR A COMPARATOR 


We have already noted the advantage of placing an amplifier before a com- 
parator. An amplifier which finds frequent use in this application is the 
emitter-coupled or the cathode-coupled amplifier of Fig. 7-14. When so used, 
the signal is applied to one base (or grid), say Bl (or G1), and a referencing 
voltage Vr is applied to the other base (grid), say B2 (G2). The output 
signal at the collector (plate) is applied to the nonlinear device (diode, tube, or 
transistor at cutoff, etc.). To change the point of comparison we change the 
referencing voltage. 

Let us assume that the comparator element has been coupled to the 
amplifier output in such a way that the comparator element will just respond 
when the signal v; equals V;. We require that, when Vx is fixed, the output 
voltage v, should respond sensitively to changes Av; in input voltage. The 
‘ comparator precision is improved by the ratio Av,/Av;. On the other hand, 
suppose that we change Ve by an amount AVez. Then we require that the com- 
parator shall respond when the input voltage attains the value v; = V; + AV x. 
Since the comparator which is coupled to the output responds at some fixed 
output voltage, then we also require that when both bases (or grids) change by 
the same increment, there shall be no corresponding change in the output. 

The above requirements may be described in terms of the common-mode 
gain A, and the difference-mode gain Aq of the amplifier. The common-mode 
' gain is defined by A. = Av,/Av, under the circumstances that when an input 
voltage increment Av; = Av, is applied to one base (grid), an identical signal 
change Av, is simultaneously applied to the other base (grid). The difference- 
mode gain is defined by Ag = Av./Avg under the circumstances that when a 
signal increment Av; = Avz/2 is ‘applied to one base (grid), a signal change 
— Ava/2 is simultaneously applied to the other base (grid). When the common- 
mode gain is very small the difference-mode gain may also be defined as 
Ag = Av,/Avg under the circumstances that the full signal change Avg is applied 
to one base (grid) while no signal is applied to the other base (grid). We may 
now specify, in connection with the amplifier of Fig. 7-14, that we require that 
Ag be as large and A, as small as feasible. The common-mode rejection ratio 
Ag/A. may well be taken as a figure of merit in the present application. 
Expressions for A, and A, in terms of the circuit and device parameters are 
given in Prob. 7-30 for the emitter-coupled comparator and in Prob. 7-32 
for the cathode-coupled circuit. 

We may now see that if the common emitter (cathode) in the circuits of 
Fig. 7-14 is returned to a constant-current source, the common-mode gain will 
be reduced to zero. For let each base, say, in Fig. 7-14b be increased by the 
same voltage. Then, from symmetry, the current in each transistor must 
increase by the same amount AJ, and the emitter current must increase by 2 AZ. 
However, if the emitter current is being supplied by a constant-current source, 
then 2 AJ must be zero. Consequently the change in each collector current 
must also be zero. Hence, in response to the simultaneous change in voltage 
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at both bases, no change at all will take place in the output voltage. A 
constant-current source is approximated through the use of a large emitter 
resistor R, returned to a correspondingly large source Vez. A more nearly 
perfect current source is obtained if, as in Fig. 7-26, the emitter resistor is 
replaced by a transistor Q4 with its own emitter resistor. The incremental 
resistance seen looking into the collector of this added transistor may be 
extremely large (Prob. 1-32). 

We have described how the suppression of the common-mode gain makes 
the amplifier stages of Fig. 7-14 suitable for use as a comparator amplifier. 
We may now see that this same stage is itself useful as a comparator. Assume 
that we propose to use for comparison purposes the cutoff of transistor Q2. 
We saw that a simultaneous variation at both inputs produced negligible 
change in the load current through Q2. In the present instance we need but 
apply this result to the special case in which the collector current has just been 
set at zero. Accordingly, if for some reference voltage Vz a voltage »; just 
brings Q2 into conduction, a change AVr will require a change Av; = AVz to 
bring Q2 again just to the point of cutin. For example, in Fig. 7-16 (with 
Vea. = Vr) note that approximate cutin of Q2 occurs at 


Vi = Vet 2.2nVer 


so that, indeed, if Vz changes by AVp, then AViv changes by the same amount. 
A comparator circuit which uses the difference amplifier twice is shown in 
Fig. 7-26.12 The first stage (Qla and Q1b) is an amplifier, and the second 


Fig. 7-26 A symmetrical transistor amplifier followed by a difference-amplifier 
comparator. 


258 / PULSE, DIGITAL, AND. SWITCHING WAVEFORMS Sec. 7-15 


stage (Q2 and Q3) is the comparator. The transistor Q4 in the emitter: 
of the first stage provides a large, effective emitter resistance. Hence, in effect, 
the emitter current is being supplied by a current source. The avalanche 
(Zener) breakdown diode D is used here to establish a fixed voltage between 
the base of Q4 and the — Vga; supply. 

The operation of the circuit is as follows. If the amplifier is completely 
symmetrical, then when the signal voltage v; is equal to the reference voltage 
Ver the voltages at the two collectors of Q1 will be identical. The resistor R 
may be adjusted so that under these conditions the currents through Qla and 
Q1b are nominally equal. The difference amplifier can handle linearly only a 
limited range of input signal. Hence, as the voltage difference between the 
collectors of Q1 departs from zero, a break occurs in the comparator output 
as Q2 or'Q3 passes through cutoff. (Note the emitter-coupled clipper wave- 
form of Fig. 7-16.) For a negative-going sweep input signal, as indicated 
in Fig. 7-26, the response at the collector of Q3 will be a positive-going step, as 
shown. The step will begin when the input signal v; is different from the 
reference Vr by some fixed voltage. Alternatively, the resistor R may be 
adjusted so that the step forms at the moment v; = Vz. We may now discuss 
some of the advantageous features of the circuit of Fig. 7-26. 

The gain of the amplifier Q1, defined as the ratio of the collector-to- 
collector output voltage to the input signal v;, may be quite high, perhaps 50 to 


v4 
4 (12AX7) 


Fig. 7-27 A symmetrical tube amplifier followed by a difference-amplifier com- 
parator. 
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500. Hence there is an improvement by this gain factor in the precision of the 
comparator as compared with the precision which would result without the 
amplifier. This circuit has a very high common-mode rejection ratio because 
of the extremely large effective dynamic resistance in the emitter of Q1. 

The amplifier is highly stable. This stability results not from any par- 
ticular circuit features but rather from the nature of the devices employed. 
The type 2N2060 was designed especially for difference-amplifier applications. 
It consists of two high-gain n-p-n silicon planar transistors in the same hermeti- 
cally sealed enclosure. The manufacturer guarantees that for equality of 
collector currents the maximum difference in base voltages is 5 mV, that the 
base voltage differential change at fixed collector current will not exceed 
10 »V/°C, and that h,, for one transistor will not differ from h,, for the other 
by more than 10 percent. 

A tube circuit which is analogous to the transistor configuration of 

Fig. 7-26 is given in Fig. 7-27. The avalanche diode is now replaced by a 
glow-tube regulator type 5651. The input stage V1 is a type 5755 tube, 
especially designed for balanced d-c amplifier service. The manufacturer 
guarantees that, for equality of tube currents, the maximum difference in 
“grid voltage is 0.3 V. More importantly, it is claimed that over a 7-hr period 
‘a maximum change of no more than 5 mV need be made at one grid to keep the 
currents balanced. Similarly, the 5651 tube is a very stable reference-voltage 
regulator. Over the normal operating range of 1.5 to 3.5 mA, its maintaining 
voltage of 87 V will not drift with age by more than about 0.3 V under continu- 
ous operation. 


7-16 APPLICATIONS OF VOLTAGE COMPARATORS 


The gain of the difference amplifier of Fig. 7-26 may be increased by adding 
more stages. The number of stages which may be used is limited by the 
d-c stability (drift). With a very high gain, the output will approach a step 
waveform, which begins at the instant when the input differs from the reference 
voltage Vz by a fixed amount. In this chapter we consider only nonregenera- 
tive comparators, but by using circuits with positive feedback it is possible 
to obtain infinite forward gain (unity loop gain). Such regenerative compara- 
tors (for example, the Schmitt circuit of Sec. 10-12) do indeed approximate a 
step output. Other types of regenerative comparators (for example, the 
blocking oscillator of Chap. 16) generate a pulse rather than a step output 
waveform. Most applications of comparators make use of the step or pulse 
nature of the output. 


Accurate Time Measurements This application is discussed in Sec. 7-14. 


Pulse-time Modulation If a periodic sweep waveform is applied to a 
comparator whose reference voltage is modulated by some information, it is 
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possible to obtain a succession of pulses whose relative spacing reflects the 
input information. The result is a time-modulation system of communication. 


Timing Markers Generated from a Sine Wave If a comparator is used 
to detect the instant of equality of the instantaneous value of a sine wave 
with a d-c reference voltage, pulses will be obtained which are synchronized 
with the sine wave. Thus, a sine wave is converted into a series of pulses. 
There are many important applications of this type. 

Phasemeter When a comparator is used with sinusoidal signals, as 
above, then it is advantageous that the reference voltage be zero. Under 
these circumstances the pulses are locked in phase with the zero of the sine 
wave and, ideally, are independent of the amplitude of the sinusoidal voltage. 
The phase angle between two voltages can be measured by a method based 
upon this principle. Both voltages are converted into pulses, and the time 
interval between the pulse of one wave and that obtained from the second 
sine wave is measured. This time interval is proportional to the phase 
difference. Such a phasemeter can measure angles from 0 to 360°. 


Square Waves from a Sine Wave _ If the comparator output is a signal 
which assumes either one of two levels (a step output), then a sine-wave input 
will result in a square-wave output. If the reference voltage Ve is set equal 
to zero, then a symmetrical square wave results. 


Amplitude-distribution Analyzer A comparator is a basic building block 
in a system used to analyze the amplitude distribution of the noise generated 
in an active device or the voltage spectrum of the pulses developed by a nuclear- 
radiation detector,? etc. To be more specific, suppose that the output of the 
comparator is 100 V if v; > Vr and 0 Vifv; < Vr. Let the input to the com- 
parator be tube noise. A d-c meter is used to measure the average value - 
of the output square wave. For example, if Ve is set at zero, the meter will 
read 100 V, which is interpreted to mean that the probability that the ampli- 
tude is greater than zero is 100 percent. If Ve is set at some value Vz and 
the meter reads 70 V, this is interpreted to mean that the probability that the 
amplitude of the noise is greater than Vz is 70 percent, etc. In this way the 
cumulative amplitude probability distribution of the noise is obtained by 
recording meter readings as a function of Ve. 


Analog-to-Digital Converter It is often required that data taken in a 
physical system be converted into digital form. Such data would normally 
appear in electrical analog form. For example, a temperature difference 
would be represented by the output of a thermocouple, the strain of a mechani- 
cal member would be represented by the electrical unbalance of a strain-gauge 
bridge, etc. The need therefore arises for a device that converts analog 
information into digital form. A very large number of such devices have been 
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invented.‘ We shall consider below one such system which involves a time- 
modulation scheme of high precision. 

In this system® a continuous sequence of equally spaced pulses is passed 
through a gate. The gate is normally closed and is opened at the instant 
of the beginning of a linear ramp. The gate remains open until the linear 
sweep voltage attains the reference level of a comparator, the level of which 
is set equal to the analog voltage to be converted. The number of pulses 
in the train that passes through the gate is therefore proportional to the analog 
voltage. If the analog voltage varies with time, it will, of course, not be 
possible to convert the analog data continuously, but it will be required that 
the analog data be sampled at intervals. The maximum value of the analog 
voltage will be represented by a number of pulses n. It is clear that n should 
be made as large as possible consistent with the requirement that the time 
interval between two successive pulses shall be larger than the timing error 
of the time modulator. The recurrence frequency of the pulses is equal, at a 
minimum, to the product of n and the sampling rate. Actually, the recur- 
rence rate will be larger in order to allow time for the circuit to recover between 
samplings. 

One form of digital voltmeter uses the above-described analog-to-digital 
converter. The number of pulses which pass through the gate is proportional 
to the voltage being measured. These pulses go to a counter whose reading 
is indicated visually by means of some form of luminous display (for example, 
the Nixie tube, which is a cold-cathode glow tube described in Sec. 18-13). 
Another system for analog-to-digital conversion is given in Sec. 18-3. 
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CLAMPING AND 
SWITCHING CIRCUITS 


In this chapter we study a number of circuits in which reactive ele- 
ments (particularly capacitors) appear in combination with nonlinear 
devices. In clamping circuits the capacitors are essential; in switching 
circuits the capacitors are often unavoidable. 


8-1 THE CLAMPING OPERATION 


A function that must frequently be accomplished with a periodic 
waveform is the establishment of the recurrent positive or negative 
extremity at some constant reference level Vg. Since, in the steady 
state, the circuits used to perform this function restrain the extremity 
of the waveform from going beyond Vr, the circuits are referred to as 
clamping circuits. However, the term ‘‘clamping” is rather widely 
used for a variety of related but not identical operations. For exam- 
ple, in Sec. 6-19 we encountered in Fig. 6-34 a “clamped” grid. Here 
the grid was constrained to remain in the neighborhood of 0 V because 
of the flow of grid current, and this restraint was in no way related 
to a signal. Generally, whenever a circuit point becomes connected 
through a low impedance (as through a conducting diode) to some 
reference voltage Vr, we say that the point has been clamped to Vz 
since the voltage at the point will not be able to depart appreciably 
from Vz. In this sense, the diode limiting circuit of Fig. 7-2 is an 
example of such a clamping circuit, since the output is clamped to 
Vz whenever the input voltage exceeds Vx. Since, in these applica- 
tions, a voltage change in only one direction is restrained, the circuits 
are called one-way clamps. Two diodes may be used to establish a 
two-way clamp. 
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(a) 


Fig. 8-1 (a) The basic circuit of a d-c restorer; (b) a sinusoidal signal is applied at 
t = 0; (c) the output waveform. 


The need to establish the extremity of the positive or negative signal 
excursion at some reference level often appears in connection with a signal 
which has passed through a capacitive coupling network. Such a signal 
has lost its d-c component, and the clamping circuit introduces a d-c com- 
ponent. For this reason the circuit is often referred to as a d-c restorer or 
d-c reinserter.’ These terms are somewhat misleading, because the prefix ‘‘re”’ 
suggests that the d-c component so introduced is identical with the d-c com- 
ponent lost in transmission. Such is normally not the case. A term which 
avoids this objection is d-c inserter. In practice all the terms mentioned above 
are used interchangeably. 


Waveforms We turn our attention now to Fig. 8-1, which consists of a 
signal source v; of negligible output impedance, a capacitor, and the diode D. 
We assume that the diode is ideal in that it exhibits an arbitrarily sharp break 
at 0 V and that its forward resistance is zero. The input signal is a sinusoid, 
as shown, which begins at t = 0. The capacitor C is uncharged at ¢ = 0. 
Our interest is in finding the waveform of the voltage v, across the diode. 

During the first quarter cycle the input signal rises from zero to the 
maximum value V,,. The diode being ideal, no forward voltage may appear 
across it. Accordingly, during this first quarter cycle the capacitor voltage 
v4 = 0; The voltage across C’ rises sinusoidally, the capacitor being charged 
through the series combination of the signal source and the diode. Through- 
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out this first quarter cycle the output v, has remained zero. At the end of the 
quarter cycle there exists across the capacitor a voltage v4 = Vy. 

When, after the first quarter cycle, the peak has been passed and the 
input signal begins to fall, the voltage v4 across the capacitor is no longer 
able to follow the input voltage. For in order to do so, it would be required 
that the capacitor discharge, and because of the diode, such a discharge is not 
possible. Accordingly, the capacitor remains charged to the voltage v4 = Vn, 
and, after the first quarter cycle, the output voltage is v, = v; — Vi. During 
succeeding cycles the positive excursion of the signal just barely reaches zero. 
The diode need never again conduct, and the positive extremity of the signal 
has been ‘‘clamped” or “restored” to zero. 

Suppose that after the steady-state situation has been attained, the 
amplitude of the input signal is increased. Then there will again be an 
interval of one quarter cycle, at most, during which the diode will conduct. 
The d-c voltage across C will increase as required, again to restore the positive 
excursions of the signal to zero. But what if the amplitude of the input 
signal should decrease? In this case, it is required that the d-c voltage across _ 
the capacitor decrease. But in the circuit of Fig. 8-1 there is no mechanism 
to allow such a discharge. To permit a decrease in capacitor voltage it is 
necessary to shunt a resistor across C' or equivalently to shunt a resistor 

‘across the diode. In this latter case the capacitor will discharge through 
the series combination of the resistor shunted across the diode and the resist- 
ance of the source. 

A circuit with such a resistor R is shown in Fig. 8-2a. Figure 8-2b shows 
the output waveform for a case where an abrupt decrease of the amplitude of . 
the sinusoidal input signal has taken place. The first two complete cycles 
correspond to the steady-state condition after the large-amplitude signal had 
been applied for a long time. At the time t = ¢, the amplitude is abruptly 
reduced in magnitude. Since the capacitor cannot discharge rapidly, the 
positive peaks of the sinusoid fall short of attaining 0 V. The voltage across C 
falls exponentially as C discharges, and after some cycles, the positive peaks 
again reach zero. In this case, unlike the case where R was absent, some 
diode current will flow at each positive peak. For now, even after the voltage 
across C has dropped to the point where the positive peaks reach zero voltage, 
the capacitor continues to discharge through R and the generator resistance. 
Therefore the diode must now supply to the capacitor, at the time of this 
positive excursion of the signal, the charge lost by the capacitor when the 
diode is not conducting. Fortunately, in most applications there is no great 
need to reestablish clamping immediately after a reduction in signal amplitude. 
Many cycles may be permitted to elapse before clamping is again obtained. 
Therefore, since the capacitor discharges slowly, the diode will not have to 
conduct for any but a small part of the cycle to supply the lost charge. 

It is of interest to examine the waveform in the neighborhood of a positive 
peak where the diode conducts. This portion of the waveform is shown on an 
expanded scale in Fig. 8-2c. If it were not for the diode the signal would 
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Fig. 8-2 (a) The clamping circuit is completed through the inclusion of a resistor 
which permits the capacitor to discharge. (b) At time t = ¢, the amplitude of the 
input signal is abruptly reduced. Output waveform shows approach to steady 
state. (c) The details of the waveform », at the first positive peak which would 
cross the zero-voltage axis at t; if the diode were absent. 


follow the dashed sinusoidal waveform, with peak at t = t2. Because of the 
diode the part of the waveform between ¢, and é; is clamped at 0 V. The 
time #, is the time at which the rising sinusoidal waveform just reaches the 
zero axis. To the right of f2 the waveform is sinusoidal, with maximum at 
t = t,, That is, to the right of t = t, the actual waveform is the dashed wave- 
form lowered so that the peak occurs at 0 V. _If the distortion of the waveform 
is to be kept to a minimum the capacitor must lose only a very small fraction 
of its total charge during any one cycle. This condition requires that the time 
constant RC be very large in comparison with the period of the signal. 


8-2 CLAMPING CIRCUIT TAKING SOURCE AND DIODE 
RESISTANCES [INTO ACCOUNT 


We turn now to the more realistic circuit shown in Fig. 8-3. Here we have 
included a source resistance R, and a diode forward resistance R;. The 
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Fig. 8-3 A clamping circuit in which 
the resistance R, of the signal source 
v, is taken into account. During 
conduction the diode is assumed to be 


a resistance R,. 


resistance R, will lie in the range tens to hundreds of ohms, depending on 
the type of diode used. The source resistance may be negligible or may 
range up to many thousands of ohms, depending on the source. We shall 
assume for the present that the diode break point V, occurs at zero voltage. 
This restriction is removed in Sec. 8-4. 

As already suggested, and as we shall shortly see more exactly, the pre- 
cision of operation of the circuit depends on the condition that R > R;. To 
analyze the circuit we need only to recognize that the equivalent circuits 
for the purpose of calculating the output voltage v, are as shown in Fig. 8-4a 
and 6. The circuit in Fig. 8-4a applies when the diode is conducting and 
Fig. 8-46 applies when the diode is not conducting. If the inequality R > R,; 
is not valid, then in Fig. 8-4a, R; must be replaced by the parallel combination 
of Rand R;. In connection with Fig. 8-46 it may also turn out that the back 
resistance of the diode is not very large in comparison with R. In this case R 
must be replaced by the parallel combination of the two. In some instances it 
may be that no physical resistor 2 is placed in the circuit and that R may 
actually represent the diode reverse resistance R,.. 


The Transient Waveform We wish to follow the waveform which results 
after a signal is suddenly applied to the circuit and to see how the steady state 
is reached. After a number of cycles have passed we expect to approach a 
steady-state condition in which the positive peaks have been clamped to zero. 
For this purpose we need but make use of the equivalent circuits of Fig. 8-4 
and proceed as in the following illustrative example. 


Fig. 8-4 Circuits equivalent to the circuit of Fig. 8-2 for the purpose of 
calculating »v, (a) when the diode is conducting, (b) when the diode is not 
conducting. It is assumed that R, > R > R;. 
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EXAMPLE In the circuit of Fig. 8-3, R. = Ry = 100 2, R = 10K, and € = 1.0 
uF. At ¢ = 0 there is applied a symmetrical square-wave signal of amplitude 
10 V and frequency 5 kHz. As indicated in Fig. 8-5, the signal v, extends from 0 
to +10 V. Draw the first several cycles of the output waveform. 


Solution Assume that the capacitor C is initially uncharged. Using the equiva- 

_ lent circuit of Fig. 8-4a we find that, at the first 10-V jump of the input signal, the 
output jumps to +5 V. The output now decays toward zero exponentially with a 
time constant 


r= (R.+ R/C = 200 psec 


Since the period T = (5,000)-! sec = 200 psec, then at the end of a half cycle of 
the square wave, at ¢ = T/2, the output, indicated by the solid line, has fallen to 


Vo (« = ) = $e = 5e+ = 3.0 V 


At this time, since the voltage across R; is 3.0 V, so also is the voltage across R,, 
leaving the capacitor voltage va = 4 V. Whenaté = (T/2)+ theinput drops back 
to zero, the diode cuts off, and we now use Fig. 8-4b. In this circuit, v4 = 4.0V 
and v, = 0, so that, neglecting FR, compared with R, ». = —4.0 V, as shown in 
Fig. 8-5. The output now again starts to decay toward zero. However, the 
time constant now is RC = 10K X 1.0u4F = 10,000 psec, or 100 times larger than 


the time T/2 = 100 usec. Therefore the decay is negligible and is not indicated 
in the figure. 
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Fig. 8-5 Exomple of the transient approach to the steady state ing 
clamping circuit. 
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Since in the interval t = 7/2 to t = T the voltage across the capacitor has 
not changed, then at ¢ = T+ the output returns to +3.0 V. Again the output 
decays toward zero. The portion of the exponential decay in the interval ¢ = J to 
t = 37/2 isa continuation of the portion in the intervalt =Otot= 7/2 Ifallof 
the decays indicated were moved together so that they just joined, they would form 
one continuous exponential decay from 5.0 V toward zero. 

Att = 37/2, », = 3c? = 1.8. The remaining calculations are repetitions of 
those above and the results are shown on the figure. We observe that cycle by 
cycle the output waveform is approaching the steady-state case, where the 
positive excursion of the waveform is clamped approximately to zero. (The 
calculation of the clamped level is given in Sec. 8-3.) 


atonement RA 


The Steady-state Output Waveform for a Square-wave Input Hence- - 
forth we shall concentrate exclusively on the steady-state response. Consider 
the square wave of Fig. 8-6a applied to the clamping circuit of Fig. 8-3. The 
general form of the output waveform is indicated in Fig. 8-6b and is determined 
by the four voltages Vi, Vi, V2, and Vy. We shall now indicate how to calcu- 
late these voltage values. 

Consider conditions at t = O— when »v, = V” and », = V}. Since the 
diode is reverse-biased at this time, Fig. 8-46 is applicable, and the capacitor 
voltage is / 

Te ees (8-1) 


Us v' Vv’ 


(a) 


Fig. 8-6 (a) A square-wave input 
t-0 T; Ti +T, t signal of peak-to-peak amplitude 
V; (b) the general form of the 
steady-state output of a clamping 
circuit with the input in (a). 
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Att = 0+ the input signal jumps to V’, the output to V,, the diode conducts, 
and Fig. 8-4a@ is applicable. Since the voltage across the capacitor cannot 
change instantaneously, it remains at the value given in Eq. (8-1). From - 
Fig. 8-4a 


R,+ R, 
v4 =v, ——2 Rp” (8-2a) 
or, with v, = V’, 
» _R+R, y_ , Ry +k, 
V R Vi=V ee Vi (8-2b) 
Since the peak-to-peak input amplitude is V = V’ — V’’, Eq. (8-2b) becomes 
Ry, +R, R+ Ry, 
4 R; Vi- R V3 (8-3) 
In a similar manner, by considering conditions at £ = Ti1— and 71+ we obtain 
Ry + R, ro R + R, " 
4 RB Vi R V2 (8-4) 


Since in the interval T, the diode is conducting, the output decays with a time 
constant (R; + R,)C. Hence 


Vi = Vie Mertane (8-5) 


Similarly, during the interval T2 the diode is reverse-biased and the circuit 
time constant is (R + R,)C, so that 


Vi = Vee Ml (R+RIC (8-6) 


Equations (8-3), (8-4), (8-5), and (8-6) suffice to determine the four voltages 
V1, Vi, V2, and V3. We have in effect used these same equations in calculating 
the voltages in Fig. 8-5. Note that if, as in the present case, the source imped- 
ance is taken into account the output voltage jumps are smaller than the 
abrupt discontinuity V in the input. Only if 2, = 0 are the jumps in input 
and output voltages alike. Thus, from Eqs. (8-3) and (8-4) with R, = 0, 


V=Vi-V,=Vi-V; (8-7) 


Observe, also, that the response is independent of the absolute levels V’ and 
V" of the input signal and is determined only by the amplitude V. It is 
possible, for example, for V’” to be negative or even for both V’ and V” to 
be negative. The average level of the input plays no part in determining the 
steady-state output waveform. 

An interesting result is obtained if Eq. (8-4) is subtracted from Eq. (8-3): 


R+R, 
R 


or using the notation in Fig. 8-6, where 


A,=Vi—-Ve2 A =Vi- Vi (8-8) 


Bee BV, — VD) - (Vi — Vs) =0 
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we obtain 
~_Fhr RtR (8-9) 


Since R, is usually much smaller than R, then the tilt A; in the forward direc- 
tion is almost always less than the tilt A, when the diode is reverse-biased. 
Only when R, K R; are the two tilts almost equal. 


8-3 A CLAMPING-CIRCUIT THEOREM 


We shall now demonstrate that, in the steady state, the area A, under the 
output voltage waveform in the forward direction (when the diode conducts) 
is related to the area A, in the reverse-biased direction (when the diode does 
not conduct) by the relationship 


Ay _ Ry : 
4," R Gy) 


The areas referred to are indicated in Fig. 8-6b, for which case the input signal 
was asquare wave. However, the result applies quite generally, independently 
of the input waveform and of the magnitude of the source resistance R,. 

If v(t) is the output waveform in the forward direction, then, from 
Fig. 8-4a, the capacitor charging current is 1; = v;/R;. Therefore the charge 
» acquired by the capacitor during the forward interval is 


mr. _ 1 T1 _ Ar 7 
f, d= ef, ny dt = 5 (8-11) 


Similarly, if ,(é) is the output voltage in the reverse direction, then the current 
which discharges the capacitor is 7, = v,/R, and the total charge lost is 


In the steady state, the net charge acquired by the capacitor must be zero. 
Therefore we equate Eqs. (8-11) and (8-12) and arrive at Eq. (8-10). This 
equation says that for any input waveform the ratio of the area under the output- 
voltage curve in the forward direction to that in the reverse direction is equal to the 
ratio R,/R. An application of this principle is given in the following illustra- 
tive example. 


ee a eT 


EXAMPLE (a) An unsymmetrical square wave with 7, = 1 msec and 7: = 1 
usec has an amplitude of 10 V. This signal is applied to the restorer circuit of 
Fig. 8-3, in which Ry = 50 0, R = 50 K, and R, = 0. - Assume that the capacitor 
C is arbitrarily large, so that the output is a square wave without tilt. Find 
where, on the waveform, the zero level is located. (b) If the waveform is inverted 
so that T, = 1 ysec and T: = 1 msec, find the location of the zero level. (c) 
If the diode is inverted, but the input is as in part b, locate the zero level. 
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Fig. 8-7 Example. 
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- Zero level 


(c) ie |-,00 wo» 


Solution a. The output waveform and zero level are shown in Fig. 8-7a. In the 
figure we have already taken into account the fact that, since R, = 0, the peak- 
to-peak amplitude of the output signal must be the same as that for the input 
signal, namely 10 V. We have A; = 1,000V, and A, = 10 — V,, where the 
areas are in units of microsecond-volts. From Eq. (8-10) we have 


A; _1,000V: _R, __50 
A, 10-Vi R 50X10? 


and we find that Vi = 10-* V. This example illustrates that clamping of the 
broad base line of the waveform is quite precise, since only one-millionth of the 
input waveform is above the zero level. 


b. In Fig. 8-76, Ay = Vi and A, = (1,000)(10 — Vi). Again from Eq. 
(8-10) we have 


Vite, 
1,000(10 — Vy) 


orV; = 5V. The zero level is now not near the positive peak but is halfway down 
the waveform, and the circuit has done very poorly as a clamp. This example 
illustrates that it is not advisable to attempt to clamp the peak of narrow pulses. 
To yield good precision of clamping in this case it would be necessary to increase R 
by a large factor. Such an increase in R would greatly lengthen the circuit 
recovery time for a signal decrease. It may even be that when semiconductor 
diodes are used, such an increase in R would be ineffective because of the finite 
diode back resistance. 


= 10-3 


c. Positive voltages now back-bias the diode and negative voltages forward- 
bias the diode, because the diode has been inverted. Comparing Fig. 8-7c and a 
we see that one is inverted with respect to the other, and hence V; = 10-5 V, 
as in part a. 
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We note that the d-c level of the input did not enter these calculations. This 
observation confirms our previous assertion that the average value of the input 
has no effect on the output level in the steady state. 

We can summarize the results of this example by observing that it is very 
difficult to achieve d-c restoration to the peak (either positive or negative) of a 
narrow pulse, but we can very effectively clamp to the broad base line. 


oreo en ee 


If the clamping-circuit theorem is applied to the waveform in Fig. 8-5, 
it is found that the peak of », is at 0.1 V. 


8-4 PRACTICAL CLAMPING CIRCUITS 


To maintain perfect flatness of the positive and negative peaks of a square 
wave would require that C be arbitrarily large, as was assumed to be the case 
in the problem above. In a practical situation it will normally turn out 
that (Rs + R)CKT, and (R+R,)C>T.. A square-wave or pulse-type 
waveform, after restoration, typically appears as in Fig. 8-8. During the 
interval 7’, there is a small tilt A,, and at the beginning of the interval T, a 
sharp spike of magnitude A; appears. The capacitor recharges through the 
diode in a very short time, and during the remainder of the time 7 no appreci- 
able diode current flows. From Eq. (8-9) the overshoot A; will usually be 
smaller than the tilt A,. 

For the important special case depicted in Fig. 8-8, the voltage values are 
found from Eqs. (8-5), (8-4), (8-6), (8-9), and (8-8) to be 


Pes dj teat - 
Vi=0 Wa -gp RV (18) 
V3 = V e772 (RFR (8-14) 

hee Sy cults SRARIRS ges 2 : 
Vi = Ay = poe RVs — Va) (8-15) 


We have already observed that even if we assume C arbitrarily large, 
unless the source resistance R, is zero, the part of the input signal which 


Fig. 8-8 The form of the output of a 
clamping circuit with a square-wave 
input for (R,; + R.)C << Ti and 
(R+ #,)C > T2. 
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(a) 

Fig. 8-9 (a) A ramp input to a y~ Zero level 


restorer and (b) the output taking into 
account the finite source impedance. 


occurs when the diode is conducting appears at the output multiplied by 
the factor R;/(R,; + R.) = Fs. That part of the signal which occurs when the 
diode is not conducting is transmitted to the output multiplied by R/(R + 
Rk.) = F,. Usually F, is much closer to unity than is F;. Such selective 
attenuation obviously produces distortion in the output signal by blunting 
or flattening that part of the signal which drives the diode to conduction. 
This distortion is not readily apparent in the case of a square wave, which 
already has a flat top. Nor is it even especially apparent with a sinusoidal 
signal, whose peak is already rounded. The distortion is much more easily 
observed in the case of a signal which comes to a sharp peak, such as is the 
case with the ramp type of waveform of Fig. 8-9. In that figure it is assumed 
that the capacitor is large enough so that the only distortion is due to the 
attenuation. We emphasize again that quite independently of-the distortion 
the relationship A,;/A, = R,/R is valid. 

If the diode in Fig. 8-3 is reversed, it was shown in the illustrative example 
above that the negative rather than the positive extremity of the signal will 
be established at zero. If the circuit is modified to include a fixed voltage Vp, 
as in Fig. 8-10, the positive extremity (or negative extremity, if the diode is 
reversed) of the output will be established at Vp. That such is the case 
may be seen in the following manner. Assume first that the output signal is 
taken across the diode and that the voltage Vr is part of the input signal. 
We have already seen that, in the steady state, the output voltage across the 
diode is unaffected by the direct component of the input. Accordingly, the 
waveform which appears across the diode is the signal v; with its positive 
extremity clamped to zero. The voltage v, is this same voltage translated 
‘ upward by the amount Vr, so that the positive extremity of v, is clamped 
to Vr. The clamping theorem, Eq. (8-10), remains valid provided that the 
areas A; and A, are measured with respect to the level Vz rather than with 
respect to ground. 

Sometimes the device which receives the output signal of the restorer 
of Fig. 8-10 bridges a resistance across the output, and it is necessary to operate 


Fig. 8-10 A circuit which clamps Fig. 8-11. A modification of the 

to the voltage Vr. circuit of Fig. 8-10 in which the 
resistor RF is bridged across both 
the diode and the reference 
voltage Vr. 


the circuit as in Fig. 8-11. Here the resistor 2 is bridged across the combina- 
tion of both the diode and’ the reference source. This arrangement will 
operate perfectly well, provided that the amplitude of the input signal is 
adequately large. To see how this restriction arises, we consider that the 
lead marked X in Fig. 8-11 has been opened, separating the RC circuit from the 
diode-reference source combination. The input signal v; makes excursions in 
the positive and negative direction with respect to its average value. The 
signal between X and ground makes equal excursions with respect to its aver- 
age value, which is zero. If the diode is to conduct, so that clamping may 
take place, the positive excursions at X must at least equal Vr. Accordingly, 
the condition to be imposed on the signal to ensure proper circuit operation is 
that the positive excursion of the signal with respect to its average value must be 
larger than Vr. 

We shall now remove the assumption we have made thus far in this 
chapter that the diode break point occurs at zero voltage. The diode piece- 
wise linear model is as indicated in Fig. 7-3, with the break point at a voltage 
V,. Hence, the clamping circuit of Fig. 8-2 is equivalent to that of Fig. 8-11 
with Ve = V,. Therefore, if a silicon diode (V, ~ 0.6 V) is used, the circuit 
will function properly only if the positive excursion of the signal above its 
average value exceeds 0.6 V. Moreover, the peak of the output will be 
clamped not to zero but to a voltage of 0.6 V above ground. If an external 
reference voltage Vz is added to the diode, then the clamping level is Vg + V,. 

By following the procedure outlined in Sec. 8-3 the clamping-circuit 
theorem expressed by Eq. (8-10) can be generalized to 


Ay — (Ve t+ VT _ Ry 
A, R 
where 7’; is the interval over which the diode is forward-biased, and R > Ry. 


If in the illustrative example in Sec. 8-3 a silicon diode is used, then an applica- 
tion of the above equation yields the following results. In parts a and c 


(8-16) 
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Vi = 0.6 + 10-5 = 0.6 V, so that the broad base line is now clamped to 
V, = 0.6 V rather than to ground. In part b, Vi = 5.3 V instead of 5.0 V, 
which was obtained on the assumption that V, = 0. 


8-5 EFFECT OF DIODE CHARACTERISTICS 
ON CLAMPING VOLTAGE 


Up to this point in our discussion of restorers, we have represented the diode 
as an ideal diode in series with a battery V, and a resistor R;. We shall now 
take explicit account of the diode volt-ampere characteristic to calculate, in a 
simple case, the effect of the diode characteristic on the clamping voltage. Let 
us consider that the input to the clamping circuit of Fig. 8-3 is the square 
wave of Fig. 8-6a with a peak-to-peak amplitude V. Assume that the capaci- 
tor C is arbitrarily large, so that the output waveform », across the diode is 
similarly a square wave. We shall again consider, as in Sec. 7-2, that the 
relation I = I,e”/"¥r may be used for both semiconductor and thermionic 
diodes. As noted before, this assumption is valid for semiconductor diodes 
whenever the diode operates at a point where «’/*¥7>>1. Finally, for the 
sake of simplicity, we shall assume that R, = 0 in this discussion, which takes 
the diode volt-ampere characteristic into account. 

During the interval when the input signal is at its positive extremity 
V’ the diode clamps the output at some clamping voltage V1, and the corre- 
sponding diode current is 


Tea = [ye¥alt¥s 


This current charges the capacitor C so that v4 = V’ — Va. During the 
negative interval of the input signal, the diode is not conducting and the voltage 
across R in Fig. 8-4b has the magnitude v4 — V” = V — Va. We expect 
that V1 will be of the order of tenths of a volt and we shall consider that V is 
of the order of tens of volts, so that we may set V — Va ~ V. Then the dis- 
charge current of the capacitor is V/R. ‘Since the square wave is symmetrical 
in the sense that the two portions of the cycle are of equal duration and the net 
accumulation of charge must be zero, we must set the charging current equal 
to the discharging current, or 


Ta = zt = [,¢ValaVr (8-17) 
Solving for V.. we find 
Vy 
Va = 9Vrin RL (8-18) 


and taking the differential we obtain 


dVa = Vr y (8-19) 
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Fig. 8-12 A clamping circuit in which the 
diode is biased to operate higher on its 
characteristic. 


The clamping voltage may be obtained from Kq. (8-18), and from Eq. (8-19) 
we may determine how the clamping voltage varies with the amplitude of 
the input signal. As is to be expected, we find that in typical cases the clamp- 
ing voltages for the various diodes are in the neighborhood of the break point 
for the diode (Va ~ V), that is, some tenths of a volt negative for a thermionic 
diode and about 0.2 and 0.6 V positive, respectively, for Ge and Si. 

From Eq. (8-19) we find for Ge, with V = 10 V and » = 1, that a 1-V 
change in input amplitude yields a change dV. = 2.6mV. We observe that 
Eq. (8-19) indicates a reduced dependence of V2 on V with increased V. The 
reason for this feature is that at increased V the diode clamps higher on its 
volt-ampere characteristic, where a smaller voltage change is required for a 
fixed current change. To take advantage of this feature it is useful to bias 
the diode in its forward direction, as is done in Fig. 8-12. Here the resistor 
R is returned to a supply Vry, which causes a current Vyy/R to flow through 
the diode even in the absence of a signal. It may be proved (Prob. 8-18) that 
in the presence of a symmetrical square wave of peak-to-peak value V the 
diode current during conduction (when clamping takes place) is 


feet nes dass (8-20) 
R 
and that 
CA’ 
aa = nVr Wry t+V (8-21) 


In the illustration above, with V = 10 V and dV = 1 V, if we assume Vyy = 
50 V then dV. = 0.24 mV, which is a value approximately one-tenth that 
obtained with Vyy = 0. This example indicates the advantage with respect 
to the stability of the clamping level of using a biased diode. 

If the diode is represented by a piecewise linear model, then the clamping- 
circuit theorem of Sec. 8-3 when applied to the biased diode of Fig. 8-12 must 
be generalized as follows: 

Ay Sarpl VT, Ry 


A,+VyyT - R (8-22) 
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where T is the period of the input square wave, T; is the interval over which 
the diode conducts, and V, is the diode break-point voltage. 

If the input signal is too small the circuit of Fig. 8-12 will not operate 
properly, but instead the diode will remain conducting continuously. The 
minimum signal amplitude required is obtained as follows. Assume that when 
the input is at its upper level, the output is constant at V,, so that the current 
in R is In = (Vyy — V,)/R. When the input drops by V then the current 
through R, is Is = —V/R,. If Ip always exceeds Js in magnitude, then cur- 
rent flows continuously in the diode. Hence, in order to ensure proper circuit 
operation with an applied square waveform, the peak-to-peak magnitude V of 
the signal must be larger than (Vyy — V,)(R./R). Note that if the signal- 
source impedance is negligible the circuit always functions correctly (the diode 
becomes nonconducting during the lower level of the input signal waveform). 


8-6 CLAMPING IN BASE OR GRID CIRCUITS 


Clamping may be accomplished in the base circuit of a transistor or the grid 
circuit of a triode (or pentode). The operation is identical with that described 
above. In the case of a tube the grid and cathode serve as the electrodes 
of the diode, whereas in a transistor the emitter-junction diode provides the 
necessary nonlinearity. Restorer action in the input circuit of a multielectrode 
device has interesting applications, as we shall now indicate. 

Consider a transistor amplifier in which fixed-current bias is obtained by 
connecting a resistor R from the base to the supply voltage, as indicated in 
Fig. 8-13a. The behavior of the base circuit is identical with the diode clamp 
of Fig. 8-12. If the quiescent base current (Vcc — V,)/R places the transistor 
in the active region and if the signal swing is small enough, then, as noted 
in the preceding section, the base-to-emitter diode always conducts. The 
emitter-junction voltage remains forward-biased, and the transistor behaves 
as a small-signal class A amplifier. On the other hand, if a large-amplitude 
signal is employed, clamping will take place at the positive extremities of the 


Fig. 8-13 Clamping in the input circuit of an amplifier using (a) a transistor 
and (b) a tube. 
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Fig. 8-14 Self-bias is obtained at the input 
of an oscillator because of the flow of grid 
or base current at the peaks of the signal. 


waveform and the transistor will be below cutoff during a portion of each cycle. 
Such an overdriven amplifier or switch is treated in detail in Sec. 8-8. 

If the transistor in Fig. 8-13a is replaced by a tube, as indicated in Fig. 
8-130, then there is a fundamental difference in behavior. For no input 
signal the grid must be clamped to the cathode (Vex ~ 0), whereas for the 
circuit of Fig. 8-13a the transistor could be within its active region in the 
quiescent state. If the signal is supplied by a voltage source (Rf, ~ 0) and 
if the peak-to-peak signal amplitude does not exceed the grid base, then 
essentially linear operation is obtained, for the following reason. The clamp- 
ing action at the grid will adjust the d-c level of the signal between grid and 
cathode to be negative, so that no grid current is drawn except for a small 
portion of the cycle at its positive extremity. The signal thus provides its 
own bias. As long as R, « R, the signal distortion during the small part 
of the cycle when grid current is drawn will be negligible. If, on the other 
hand, a large input signal is employed, then the tube will be cut off during a 
portion of each cycle, and an overdriven amplifier results. 

For large-signal operation the resistor R in Fig. 8-13 may also be connected 
to ground instead of to the supply voltage. Alternatively R may be placed 
directly across C. This latter connection is indicated in Fig. 8-14 and is 
commonly used to provide self-bias in a resonant-circuit oscillator which 
operates class C. 

In all of the preceding discussion concerning clamping we have assumed 
a periodic signal. It is, however, to be noted that clamping may be accom- 
plished with a nonperiodic signal, provided only that the signal has a periodic 
positive or negative extremity. We consider next how clamping may be 
accomplished with a signal (not necessarily periodic) in which the level to be 
clamped occurs neither as the positive nor as the negative extremity but at 
some level in between. 


8-7 SYNCHRONIZED CLAMPING 


The d-c restorers discussed above are examples of clamping circuits in which 
the time during which the clamping is effective is controlled by the signal 
itself. Useful features result when the time of clamping is not determined 
directly by the signal but is determined rather by an auxiliary voltage, called 
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a control signal, which occurs synchronously with the signal. For example, 
suppose the waveform of Fig. 8-15a is to be used. to displace the beam of a 
cathode-ray tube linearly with time, first in one direction and then in the other 
direction from some fixed initial point. If the signal is transmitted through 
an a-c coupling network whose low-frequency time constant is not very large 
in comparison with the interval 7, the signal will distort into the form shown in 
Fig. 8-15b. The principal defect in the waveform is that the two displace- 
ments will start from different places (A and B). In addition the d-c level 
Ver has been lost. If, however, the signal is passed through the circuit of 
Fig. 8-16 and if switch S is closed during time T2 and is open during time 7), 
the waveform will appear as in Fig. 8-15c. The pips which appear when the 
voltage returns to the level Vz will be reduced to infinitesimally narrow spikes 
as the resistance of the switch (R,) approaches zero. 

It is, of course, required that the switch S be open throughout the time 
interval T,, but it is not necessary that the switch be closed for the entire 
interval T2, It is only required that the switch be closed for a period long 
enough to allow the capacitor C to acquire or lose enough charge to bring 
the output terminal to the reference level Vp. 

It is not possible to use synchronized clamping with a signal of arbitrary 
waveform. For example, if the waveform were sinusoidal, it would necessarily 


Fig. 8-15 Illustrating the necessity 
for synchronized clamping for a 
signal which may vary in beth direc- 
tions from a voltage which is to be 


established at some reference level. (bd) 
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Fig. 8-16 Switch S closes in synchronism 
with the signal during those intervals when 
it is desired that the output be clamped to 
Vr. 


uj 


be distorted every time the switch S closed. Synchronous clamping may be 
used whenever the signal has periodically occurring intervals during which 
the input waveform is quiescent. Where synchronized clamping is feasible, 
it may be used to provide d-c restoration even when the positive and negative 
excursions of the signal fluctuate from cycle to cycle. 

A synchronous clamping circuit is shown in Fig. 8-17. The signal is 
transmitted from input to output through the capacitor C,. The two-diode 
circuit which is bridged between signal lead and ground serves the function 
of the switch S in Fig. 8-16. Two control-signal pulse trains v; and v2 are 
required. These waveforms are identical in all respects except that one is the 
inverse of the other. The d-c levels of the waveforms are of no consequence. 

This circuit may be analyzed in much the same manner as the d-c-restorer 
circuit, for the two circuits have many features in common. Such an analysis‘ 
reveals that, in the steady state, during the interval 7. the diodes are brought 
to conduction and that the voltage at the point A is the same as at point B. 
As in the d-c restorer, the diodes conduct briefly to supply to the capacitors 
C the charge lost through the resistors R during the nonconducting interval T.. 
During 7, both diodes are back-biased, and the output signal lead is entirely 
free to follow the input signal. Suppose that at the end of an interval T, 
the voltage at A is not equal to Vz. Then when the diodes are brought to the 
point of conduction, if it should happen that V4 > Vr, diode D1 will conduct, 
discharging capacitor C, into capacitor C until Va = Ve. If Va < Ve, diode 
D2 will conduct until V4 = Ve. 

For proper operation of the circuit it is required that C > C, and that 
RC > T,. There is, however, an upper limit on R which results from the 
fact that during the interval T,, the capacitor must be able to discharge through 
R the charge it may have acquired from C, during the interval T,. When C, 
discharges it does so through a diode forward resistance R, and through the 
output impedance R, of one of the generators that furnish the control signal. 
Hence it is also required that C,(R; + R.) « T.. The required minimum 
amplitude Vp of the clamping pulse is determined by the condition that 
neither diode be brought into conduction during the interval 7, by the signal. 
This condition leads to the restriction that Vp > Vs, where Vg is the peak 
signal excursion above or below the average value of the signal. Finally, we 
may note that if the clamping-pulse amplitudes are not equal or if the resistors 
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Fig. 8-17 A synchronous clamping circuit. 


F are not equal, the circuit will not clamp to Vp but to a somewhat different 
voltage. All these matters are discussed. in detail in Ref. 1. 


8-8 THE TRANSISTOR OR TUBE AS A SWITCH 


We have already noted that amplifier tubes (vacuum triodes and pentodes) 
and transistors are widely used in applications where they operate as switches. 
In these circuits, the tube or transistor is placed in series with the load and a 
supply voltage. The tube is then driven by an external signal between cutoff 
and clamp, or the transistor is driven between cutoff and saturation. The 
waveforms generated in such nonlinear switching circuits are of interest and 
are now to be considered. The principles already established in connection 
with clipping and clamping circuits are useful in studying these switching 
circuits. 

A transistor switching circuit is shown in Fig. 8-180. In the absence 
of a signal, the transistor would be held in saturation by virtue of the connec- 
tion of the base to the supply voltage through R. The signal », in Fig. 8-18¢ 
is applied to the base through the capacitor C from a source of resistance R,.| 
This signal, of peak-to-peak amplitude V, may be described variously as @ 
square wave, a train of negative pulses (of width 7, separated by intervals 71), 
or a train of positive pulses (of width 7, separated by intervals T.). In the 
present instance, because of the application involved, the signal is commonly 
referred to as a gating waveform or as a train of negative gating pulses. The 
transistor is viewed as a “gate” which opens and closes, and the input wave- 
form is the agency through which the transistor is so operated. The tube 
circuit of Fig. 8-18) is similar and similarly operated. In the absence of a 
signal the tube would be maintained in clamp by virtue of the connection of the 
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Up (or Ug) 


V, 


o 


_Vec (Vpp) 


Fig. 8-18 (a) Transistor switch; (b) vacuum-tube switch; (c) input waveform; (d) 
base (or grid) waveforms; (e) collector (or plate) waveforms; (f) waveform 1; at 
junction of R, and C. 


grid to the supply voltage through the resistor R. The input gating waveform 
drives the tube from clamp to cutoff and back again. 


Base (Grid) Waveform If we view the base (grid) and emitter (cathode) 
terminals of the transistor (tube) as the terminals of a diode, then it is evident 
that the base (grid) circuit is precisely the clamping circuit of Fig. 8-12. The 
waveform at the base (grid) will appear as in Fig. 8-18d, which should be 
compared with Fig. 8-8. In these two figures we have considered that the 
time constant.with which the capacitor C charges at the positive extremity 
of the signal is small in comparison with the interval 7, and that the base 
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(a) 


Va v, Vp VG 


Fig. 8-19 Load-line construction to find quiescent clamping voltage (a) at 
base of Ge or Si transistor, (b) at grid of triode. 


(grid) voltage returns to the level at which it would remain constantly in the 
absence of an input signal. This saturation (clamping) level V, will ordinarily 
be some tenths of a volt negative in the case of a thermionic tube and will be 
approximately 0.3 or 0.7 V for a germanium or silicon transistor (page 219). 
If there were available the base-emitter or the grid-cathode volt-ampere 
characteristics, and there were an interest in so doing, we might find the clamp- 
ing voltage V, more precisely by the load-line construction of Fig. 8-19. 

We shall now calculate the voltage levels of the base waveform vg of 
Fig. 8-18d. Since the signal », is at the level V’ just before the onset of the 
interval T, (at t = 0—) and the base is at the clamped or saturation level V., 
then the voltage across the capacitor is V’— V.. Att = 0+, immediately 
after the abrupt negative drop, v, = V’”, and the capacitor voltage remains 
V’ — V, because the voltage across a capacitor cannot change instantaneously. 
We assume that the abrupt change V in », is large enough to drive the transis- 
tor below the cutin level V,. We shall neglect the small base current at cutoff. 
The equivalent circuit from which to calculate vs is indicated in Fig. 8-20, 
where at t = 0+, v4 = V’— V.. The generator source impedance may be 
different during the two portions of the square wave. Hence we have indi- 
cated in Fig. 8-20 the symbol R,2 to represent the value of the source resistance 
during the interval T,. By using the principle of superposition and remeni- 
bering that V = V’ — V”, we may calculate that the base drops to the voltage 


os(0-+) = (Ve — V) gage + Veo Ry tig = (8-23) 


Note that this result is independent of the d-c level of the input signal. Equa- 


Re fe B R 
Fig. 8-20 The input equivalent circuit for a 4) G4 <_— 
the transistor base circuit of Fig. 8-18a dur- : ; 
vr uj UB Vv _ 


ing the time that the transistor is cut off. ; 
Att =0+, 2% = V’ — Vo. a 
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tion (8-23) is valid only if the base is driven below the cutin level, that is, if 
Va < Vy. 

If it should happen that #2 << R, then V2 ~ V, — V, and the change in 
voltage at the base is V, — Vz = V, which just equals the abrupt drop in the 
gating waveform v,. At the other extreme consider the case in'which, say, 
Riz = R, so that 


V2 = 3(V. — V + Vee) (8-24) 
The condition V2 < V, requires that 
V > Veo + Va — 2Vy (8-25) 


Since V, — 2V, is usually small compared with the supply voltage Vcc, then, 
approximately, V > Vcc. In other words, for R.. = R, the peak-to-peak 
voltage must be at least as large as the supply voltage in order to bring the 
transistor just below the cutin point. This same conclusion is reached in 
Sec. 8-5. It is also to be noted, in the above situation, that any drop in input 
voltage beyond V = Veg will appear at the base attenuated by a factor of 2. 

During the interval 7, the voltage at the base rises asymptotically 
toward Vcc. Using Eq. (2-3) we may calculate V; from 


V3 = Vee ~_ (Vec _ Voje7T:/7 (8-26) 


in whichr = C(R + Ry). We have assumed in Fig. 8-18 that the voltage V; 
is below the cutin level V,. 

During the interval T, the capacitor C charges and the voltage vz rises, 
bringing vz closer to its initial level V,. Therefore, when at ¢ = T2 the input 
_ Yises abruptly by amount V, it carries the base above its initial level V.. 
Consequently, as shown in Fig. 8-18d, an overshoot appears in the vs wave- 
form. We shall now calculate the amplitude A; of this overshoot. To 
make this calculation we first find the change Av, in the voltage across the 
capacitor C in the interval 7's. 

During the interval 7’, the base side of the capacitor C in Fig. 8-20 rises 
in voltage by the amount V; — V2. Consequently, the current 7 through R 
falls by the amount (V; — V2)/R, as does also the current through R,x. Hence 
the decrease in voltage drop across Ri: is Re(V, — V2)/R, and the voltage »% 
at the generator side of the capacitor falls by this same amount. The total 
change in voltage across C is 


Ra 
a) (8-27) 


—Ava = (Vi — V2) + “3 (V4 — V2) = (V5— V2) @ + 


At t = T.+, immediately after the input v. has returned to its initial level, 
the circuit is different from its initial state only in that the voltage Av, exists 
across the capacitor C and that the source resistance is now R.1. The change 
from the initial state which results from this voltage change Av, may be calcu- 
lated from the circuit of Fig. 8-21. We have assumed that the incremental 
input impedance of the transistor is the base-spreading resistance rw.. The 
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Fig. 8-21 An equivalent circuit from which 


Type 
to calculate the overshoot A; até = T+. bb 5 


change in voltage across ri» is the overshoot. From Fig. 8-21 and using Eq. 
(8-27) we find, subject to the condition R > ry, that 


Ay =~ —Ava Raw 
= (V, — Vy) 2B te (8-28) 
Very commonly R,z « R and ry: « R.;. In this case we have 
Ay = (Vs — Va) (8-29) 


The peak value of ve is Vi = V.+ Ay. The overshoot decays with a time 
constant 


v= (Ra + re)C (8-30) 


In the case of the vacuum tube, ry is replaced by re, the grid resistance. 


Collector (Plate) Waveform Consider the waveform of Fig. 8-18e. Dur- 
ing the interval T:, when the transistor is below cutoff, its collector voltage 
is vc = Veco (neglecting the small reverse saturation current). At t= 0-, 
when the transistor is in saturation, vc = V, = Veg(sat). This satura- 
tion voltage is obtained by drawing a load line corresponding to Vee and 
R, on the collector characteristics and locating the intersection for a base 
current Ip = (Veco ~ V.)/R. A good approximation for V¢g(sat) is given 
in Table 6-1 and is 0.3 V for a silicon and 0.1 V for a germanium transistor. 
At t = T,+, when the base overshoots, there will be a small undershoot in 
collector voltage. Since ve cannot go negative, V? differs from V, by a maxi- 
mum of 0.1 V for germanium and 0.3 V for silicon. In many cases when the 
collector waveform is observed on a cathode-ray oscilloscope the undershoot 
will be small enough so that it will not be apparent unless special pains are 
taken ‘to observe it. 

For a tube, the plate voltage equals Vpp during the interval T', when it is 
cut off. At ¢ = O—, when the tube is in clamp, its grid voltage is V. ~ 0. 
The plate voltage V, is found by drawing on the plate characteristics the load 
line for R, and Vpp and locating the intersection for Ve = 0. Corresponding 
to the grid overshoot at ¢ = T.+ there is a pronounced plate undershoot. 
This value of plate voltage V; is now found by drawing a load line on the plate 
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characteristics and locating the intersection at Ve = A,. Since the grid over- 
shoot carries the grid into the region of positive grid voltages, a set of character- 
istics for such positive voltages is required. The plate undershoot will be 
larger than the grid overshoot by the gain of the tube. And the tube gain 
will be even larger in the neighborhood of clamp than it is in the tube’s grid 
base. This increased gain results from the fact that with increasing current 
the tube transconductance increases and the plate resistance decreases. Since 
A, is of the order of a few volts, then V, — V; is of the order of tens of volts. 


Waveform »v; Consider the waveform v;, which is the voltage to ground 
of the junction of R, and the capacitor. The upper level of this waveform 
is identical with the upper level V’ of v,, since at t = O— there is no current 
in C. At the beginning of the interval J, the voltage ve drops abruptly by 
V. — V2, as does the voltage v; on the other side of the capacitor. The voltage 
v; drops less than does the input voltage v, because of the voltage drop across 
Ry» that results from the current which is charging the capacitor C. As the 
capacitor charges, the capacitor current decreases, the drop across 2,2 becomes 
smaller, and therefore during the interval T, the voltage »; falls. As we saw 
earlier, in the discussion leading to Eq. (8-27), the change 4; in 9, is 


AoaWe= WH Aa (8-31) 


At the end of the interval T. there is an abrupt jump in v,; by Vi — Vj; to 
match the abrupt jump in vz on the other side of the capacitor. This jump in 2% 
leaves v; short of returning to its starting point on account of the fact that dur- 
ing T, the capacitor has been charging through R,. and R. Fort > T, the 
capacitor discharges through R, and the input diode. As the capacitor dis- 
charges, the collector (plate) undershoot decays with the same time constant 
r’ [Eq. (8-30)] as does the base (grid) overshoot and the voltage »; rises to its 
starting point asymptotically with this same time constant. 


EXAMPLE In the circuit of Fig. 8-18a the transistor is an n-p-n germanium tri- 
ode with characteristics similar to those of the p-n-p type 2N404, Vcc = 10 V, 
R, = 500 0, R = 40 K, C = 0.1 wF, Ra = Re = 10 K, V = 10 V, and 7, = 1.0 
msec. Find the voltage levels of all the waveforms of Fig. 8-18, assuming 
Toor = 100 Q. 


Solution In the quiescent state the transistor is in saturation. Assuming the 

transistor in saturation, we estimate from Table 6-1 that Vgx(sat) = Ve = 0.3 V. 

Then the base current is Jz = (10 — 0.3)/40 = 0.24 mA. We observe from Fig. 

6-21 that such a base current is adequate to keep the transistor in saturation. 
’ From Eq. (8-23) we find 


40 +10 10 
40 + 10 40 + 10 


V2 = (0.3 — 10) = -58V 
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From Eq. (8-26) 
V2 = 10 — (10 + 5.8)e1- 5-9 = —29V 
From Eq. (8-28), the base overshoot is 


eo OE 0.04 V 


Ay = (-2.9 + 58 
r= + 58) 40 t01 


and 
Vi =Ve+t+Ay = 0.3 + 0.04 ~ 0.3 V 


In the waveform for vc we find the upper level at 10 V. From Table 6-1 the 
lower level is Vez(sat) = 0.1 V, Or if we refer to Fig. 6-21 we read Voz(sat) ~ 
0.12 V. Considering, however, that Fig. 6-21 gives average characteristics, in any 
particular case the former estimate from Table 6-1 is probably as reliable as 
the number read from the characteristic curves. The level V; lies somewhere 
between 0 and 0.1 V and cannot be determined with any precision from average 
characteristics. 

The changes in level in »; are 


Ve — V2 =0.34+58 =6.1V 
Vi— VV, =0.342.9 =3.2V 
and from Eq. (8-31) 
A; = (—2.9 + 5.8)3§ = 0.7 V 
The recovery time constant is 
7’ = (Ru + rw)C = (10.1 X 10%)(0.1 X 10-6) sec ~ 1 msec 


In order for the transient for t > 72 to die down in the interval 7, as indicated in 
Fig. 8-18, we must have 7, >>7’. In the present example, since 72 ~ 7’, then 
it is necessary that 7, >> T:. 


EXAMPLE In the circuit of Fig. 8-186 the tube is a type 5965, Ver = 200 V, 
R=0.5 M, Ra = Re = 20 K, Rp, = 10 K, C = 0.01 wF, T; = 1.0 msec, and 
V = 100 V. Find the voltage levels of all the waveforms of Fig. 8-18. 


Solution The grid current when the grid rests quiescently at clamp is 200/0.5 = 
400 nA. From Fig. 6-31 and from the discussion of Sec. 6-19 we find that at this 
grid current the grid is close to0 V. Ina tube circuit the voltages encountered are 
of the order of hundreds of volts. Therefore the 0.1- or 0.2-V departure of the 
clamping voltage in either direction from zero normally encountered is of no great 
consequence and is often neglected. From Eq. (8-23) we see that 

50 20 


Tesi op 
500 + 20 500 + 20 


and from Eq. (8-26) 
Ve = 200 — (200 + 88)e-0-9/5-2) = —33 V 


= -88V 


which is more than adequate to keep the tube cut off. 
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From Fig. 6-33 we estimate re = 0.25 K. From Eq. (8-28), with ri replaced 
by ro, 
500 +20 0.25 


Re eV 
500 20-+025 ~~ °" 


A; = (38 + 88) 


Turning now to the waveform for vp, we have an upper level Vpp = 200 V. To 
find the lower level we draw the load line for 200 V and R, = 10 K on the plate 
characteristics of Fig. 6-31, and we find that V, = 80 V at Vo = 0 and that the 
minimum plate voltage at Ve = 0.7 Vis V, ~ 60 V. Thus a0.7-V grid overshoot 
has given rise to a 20-V undershoot, or a gain of 30 in the positive grid region. 
On the waveform for »; we find that the drop is 


Ve — V2 =88V 
Since V, ~ 0, then Vi = Ay and at t = T.+ the rise is 
Ve — Vz = 0.7 + 38 = 38.7 V 
anid the tilt of the bottom is, from Eq. (8-31), 
A; = (—38 + 88) 2% = 2.0 V 
The time constant with which the overshoots decay is 


7’ = (20.3 X 10%)(0.01 x 10~*) sec = 0.20 msec 


nite terns rcncon Namaste I Mane sabieet intra amM egA Fae 


8-9 TWO-STAGE OVERDRIVEN AMPLIFIER 


A circuit configuration which is frequently encountered is shown in Fig. 8-22. 
Here the transistor switch Q2 is driven not directly by a gating signal but 
rather by the output of a preceding transistor Q1. The transistor Q1 has 
applied to it a gating signal which drives this transistor alternately from 
cutoff to clamp and back again. Accordingly, in the absence of the loading 
effect of transistor Q2, the signal at the collector of Q1 would be a gating wave- 


Fig. 8-22 A transistor switch capacitively coupled to and 
driven by a preceding transistor switch. 
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form of the same form as the input signal except inverted in polarity. This 
circuit may now be analyzed in the same manner as we analyzed the circuit of 
Fig. 8-18. We need only take into account that the second transistor Q2 is 
being driven by a gating source whose output impedance is not constant. 
That is, when QI is cut off, the output impedance of Q1 is equal to the col- 
lector-circuit resistance R.,. When transistor Q1 is in saturation the output 
impedance is the parallel combination of R,1 and the collector saturation resist- 
ance Reg and hence nominally equal to Reg. Therefore one may repeat all 
the calculations performed above, taking into account that Ra = Ra and 
Ree = Rog. The waveform »; in Fig. 8-18 corresponds in Fig. 8-22 to the wave- 
form to be found at the collector of Q1. Of course, a circuit involving two 
vacuum tubes in the manner that Fig. 8-22 involves two transistors may be 
similarly analyzed. For the tube circuit, R.: = Ry: and R,2 is the parallel 
combination of Ry: and rp1. 


sesame an wre onen 


EXAMPLE In the circuit of Fig. 8-22, both transistors are germanium, Vcc = 10 
V, Ra = 10 K, Ree = 5002, R = 40 K,andC = 0.1u4F. Thesquare wave which 
is applied to the base of Q1 makes excursions between such levels that transistor 
Q1 is turned on and orr. The on period of Ql is 7, = 1.0 msec. Find the voltage 
levels of the waveforms at the collector of Q1 and at the base and collector of Q2. 


Solution The waveform vc, at the collector of Q1 is similar to the waveform 9; 
in Fig. 8-18/, and the waveforms at the base and collector of Q2 are similar to the 
waveforms vg and vc in Fig. 8-18d and e. When QI goes on, vci drops from 
Vee = 10 V to ve: = 0.1 V, the collector saturation voltage. Therefore using, 
in Eq. (8-23), V = 10 — 0.1 = 9.9 V and setting R.. = Ree ~ 0, we find, with 
V, = 0.3 V, 


V2 = (0.8 — 9.9) = —9.6 V 
From Eq. (8-26) 
Ve = 10 — (10 + 9.6)e--94) = —5.3V 


At the time of the generation of the overshoot, Q1 is orr and Ra = Ra = 10K. 
From Eq. (8-28), using rw = 100 2, 


0.1 
A —5.3 .6) — = 0.04V 
r= ( + 9.6) 101 


and 
Ve=V.+4; = 0.3V 


The'wiveform vc, at the collector of Q1 starts at Vee = 10 V and drops to 
0.1 V when Q1 goes on. Since R.z ~ 0, we have from Eq. (8-31) that A; ~ 0, so 
that v¢, exhibits no tilt but is constant at ve: = 0.1 V in the interval 72 during 
which Q1 ison. At the end of this interval vc: jumps by the amount 


Ve — V2, =0345.3 = 5.6V 
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The waveform at the collector of Q2 has the form of Fig. 8-18¢, with Vee = 10 
V, V, = 0.1, and Vv; somewhere between 0 and 0.1 V. The overshoot in vgz, the 
undershoot in vce, and the approach of vc, to its initial level all take place with a 
time constant given in Eq. (8-30) as 7’ = (10.1 < 108)(0.1 & 107°) = 1 msec. 


8-10 SWITCH WITH INDUCTIVE LOAD 


In Fig. 8-23a and b are shown a transistor and a tube switch in which the 
load is an inductor L shunted by a resistor R. A gating waveform of arbi- 
trary d-c level (Fig. 8-24a) is applied, and, because of the clamping in the 
base and grid circuits, the transistor is carried from saturation to cutoff and 
the tube from clamp to cutoff. An additional resistor R, has been included 
in the collector circuit, since otherwise when the transistor is in saturation the 
collector current will become intolerably large. 

After the transistor and tube have been in saturation or clamp for a 
long enough time so that all transients have decayed, each inductor will 


vy Y 


(c) = 


Fig. 8-23 (a) A transistor switch driving an inductor; (b) a tube switch 
driving an inductor; (c) equivalent circuit for finding the output when the 
switch is open (Vyy represents either Vcc or Vr); (d) equivalent circuit 
when the switch is closed. 
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Fig. 8-24 (a) The input to the switches 
of Fig. 8-23; (b) the output voltage. 


| 
| 
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be carrying a current J,. In the case of the transistor the current wil! be 
[Vec — Vcr(sat)]/R.. In the case of the tube the current may be found 
from the plate characteristics as the current corresponding to a plate voltage 
V pp and a grid voltage nominally equal to zero. At the moment the switches 
are driven to cutoff, the equivalent circuit from which to calculate the output 
voltage is given in Fig. 8-23c, in which the initial condition that the inductor 
current is J, has been noted. We have neglected the small leakage current 
of the transistor when it is in the cutoff condition. The inductor current, 
which must flow through R, decays from [, to zero with a time constant L/R. 
The output voltage is as shown in Fig. 8-24b and is given by 


vo = Vey + [Re Rt (8-32) 


Thus, driving the switch to cutoff develops at the collector or plate a positive 
spike of amplitude 7,R superimposed on the supply voltage. This spike 
may become very large for large FR, and this possibility is a cause for concern, 
particularly in the case of transistors, where the maximum collector breakdown 
voltage must not be exceeded. In practice, the peak voltage may be limited 
by stray capacitance across the inductor, but even in this case a peak value 
several times the supply voltage may be obtained. A difficulty may arise 
from a rather unexpected source. Suppose, for example, that a d-c milli- 
ammeter has been introduced into the collector circuit of a transistor resistive 
switch to monitor the collector current. Then, because of the inductance of 
the meter coil, the simple act of abruptly turning off the collector current may 
damage the transistor. 

When the switches are returned to saturation or clamp again at the time 
t = T2, the inductor acts initially as an open circuit. The transistor current 
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- and hence the current through FR is [Vec — Vce(sat)|/(R + R.). The tube 
current may be found by drawing on the tube characteristics a load line passing 
through V pp corresponding to a resistance F and noting the point of intersection 
of this load line with the tube characteristic for a grid-to-cathode voltage of A,;. 

Let J’ represent the transistor or tube current which flows at the moment 
the switches are turned on. The current through R will decay from J’ to 
zero with a time constant L/R’, in which F’ is the parallel combination of & 
and R. (or of R and the tube plate resistance 7,). The output fort > T2 is 


v= Vyy — [Re Rta ib (8-33) 


and has the form of the negative spike shown in Fig. 8-24b superimposed 
on the supply voltage. The negative spike is always smaller than the supply 
voltage because the collector or plate voltage cannot reverse in polarity. The 
time constant of the negative spike.is larger than that-of the positive spike 
and therefore the negative spike decays more slowly. The output waveform 
of Fig. 8-24 should be compared with the waveform of the peaking circuit of 
Fig. 2-6, where the active device operates linearly. 

The above discussion has neglected the capacitance shunting the output 
terminals. If this capacitance is taken into account, we may have responses 
similar to those discussed in Sec. 2-10. For example, if the circuit is under- 
damped, each pulse in Fig. 8-24 will be converted into a train of damped 
oscillations. Because the damping is greater when the tube or transistor 
conducts than when they are not conducting, it is possible to have oscillations 
near ¢ = 0 instead of a single positive peak and yet have a single negative 
spike at t = T». 


8-11 DAMPER DIODES 


If, in the peaking circuit just discussed, it is desired to have only positive out- 
put pulses, we may connect a diode across the coil as indicated in Fig. 8-25a. 
If the output voltage falls below Vyy, the diode conducts and the small for- 
ward resistance of the diode quickly damps out this portion of the waveform. 
If in Fig. 8-24 there were oscillations in the vicinity of ¢ = 0, the diode of 


Vy Wy 


Fig. 8-25 (a) The damper diode 
allows the output to go only positive 
with respect to Vyy. (b) The diode 
allows the output to go only negative 
with respect to Vyy. 
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Fig. 8-25a would allow only the first positive peak to appear in the output 
because of the heavy damping which it imposes on the ringing circuit. This 
action accounts for the name damper diode. 

If the damper diode is inserted across the peaking coil with the polarity 
indicated in. Fig. 8-25b, then the output will contain a single negative peak in 
the vicinity of t = T2. In this case the diode conducts whenever the output 
rises above Vyy. 


8-12 SWITCH WITH CAPACITIVE LOAD 


A switch with a capacitive load behaves somewhat differently depending upon 
whether the active device is a tube or transistor. We shall first consider the 
vacuum-tube circuit of Fig. 8-26a, including the shunt capacitance C,. 


Fig. 8-26 (a) A tube switch with a capacitive load; (b) equivalent circuit for cal- 
culating output when the tube is orr; (c) equivalent circuit when the tube is on; (d) 
the input and output waveforms. 
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The Capacitively Loaded Tube Switch Att = 0—, when the tube is in 
clamp, the plate current J, is found from the intersection of the load line 
(corresponding to Vpp and R,) and the plate characteristic for Veg = 0. The 
plate voltage at this time is therefore Vpp — I,R,, as indicated in Fig. 8-26d. 
At ¢ = 0+, when the switch is driven to cutoff, the equivalent circuit from 
which to determine the plate waveform is given in Fig. 8-26b. The plate 
rises toward Vpp exponentially with a time constant R,C,. When, on the 
other hand, the switch has been driven into clamp during the interval T,, the 
equivalent circuit from which to calculate the fall of the plate voltage is shown 
in Fig. 8-26c. The output fails with a time constant R’C,, where R' is the 
parallel combination of R, and the dynamic plate resistance r,. From the 
waveform of Fig. 8-26d it is apparent that the waveform falls more rapidly 
than it rises, since R’ < Ry. 

If the grid resistance rg is taken into account and if the input time con- 
stant is not large enough compared with T., then there will be an overshoot at 
the grid at é = T2+ and an undershoot at the plate (as indicated in Fig. 8-18e). 
The dashed portion in Fig. 8-26d corresponds to this situation. 


The Capacitively Loaded Transistor Switch Consider the circuit indi- 
cated in Fig. 8-27a. At ¢ = O—, when the transistor is in saturation, the 
output voltage v, and the collector current t¢ are given by 


- Vee — Vex(sat) - 


Re 


These quantities are indicated in Fig. 8-27d. At t > 0+, when the switch 
is driven to cutoff, the equivalent circuit from which to determine the collector 
voltage is given in Fig. 8-27b. The collector rises toward Vcc with a time 
constant &.C,. 

At t = T.+ the input rises abruptly, the base-emitter diode is forward- 
biased by V, (a few tenths of a volt), and a base current Ip = (Vee — V.)/Ry 
flows. The collector voltage at. this time is the voltage Vec across C,. Since 
this voltage reverse-biases the collector junction, the transistor remains in its 
active region and a collector current Ig ~ hrgIp = I! results. The equivalent 
circuit from which to calculate the discharge of the capacitor is indicated in 
Fig. 8-27c, where J’ is a constant. The output voltage starts at a value Ve¢ 
and falls exponentially with a time constant R.C, toward a steady-state value of 
Vee — I°R.. For t > T2 and until the transistor returns to saturation, the 
output is given by 


Ve = Veo — LR, + Reo tok, (8-34) 


These conditions are pictured in Fig. 8-27d, where we have indicated that 
I, > I,. This condition follows from the fact that J, is the saturation collector 
current and hence that J, < heels, whereas I’ = hegIz. Therefore I > I,. 

When the collector falls to Vcz(sat) the transistor enters into satura- 
tion, the collector current drops to its saturation value 7,, and v, remains at 


vo = Ver(sat) and te I, 
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Vog (eat) . 
(d) “ Toward Voo - Ii Ry 


Fig. 8-27. (a) A transistor switch with a capacitive load; (b) equivalent circuit for 
calculating the output when the transistor is orF; (c) equivalent circuit when the 
base circuit is driven into clamp but the collector circuit is still in its active region; 
(d) the input voltage 4, the collector current ic, and the output voltage v, wave- 
forms. The dashed portion of v, is an exponential which asymptotically approaches - 


Veo ~ URa 


Vcr(sat), as indicated in Fig. 8-27d. If I >> I, then », falls almost linearly 
with time and the fall time is much smaller than the rise time. 

In drawing the waveforms in Figs. 8-26d and 8-27d we have implicitly 
assumed that the time constants were small compared with T. or T;. If, 
instead, we assume that R#,C, (or R.C,) is much greater than T2, then the 
exponential rise can be approximated by a linear increase. The circuit 
behaves as an integrator and a step input is converted into a ramp output. 
This ramp-generating circuit is discussed in detail in Sec. 14-5. 

The effect of a capacitance shunting across a set of terminals of resistive 
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output impedance is to cause a rounding of what would otherwise be an abrupt 
jump in voltage. We have already observed in Sec. 2-5 that such is the case. 
In the present circuits we note the additional feature that because of the switch 
nonlinearity the rounding is more pronounced on the rising edge of the wave- 
form than on the falling edge. We should now also observe that even when 
shunt capacitances are not deliberately introduced, such stray shunt and 
wiring capacitance is always present. Therefore, in retrospect, all of the 
‘voltage changes that have been indicated as abrupt and discontinuous (for 
example, in Fig. 8-18) will in practice be observed to be somewhat rounded. 
If, however, the time constants of the rise and fall are small in comparison 
with the intervals T, and 72, the rounding will be little noticed. 

If a p-n-p transistor is used in Fig. 8-27, a negative supply is required and 
the waveforms in Fig. 8-27d are inverted. In this case the falling edge is slower 
(more rounded) than the rising edge. 


8-13 PLATE AND COLLECTOR CATCHING DIODES 


Diodes used at the plate or collector of a tube or transistor to limit the plate 
or collector excursion are called catching diodes. One application of catching 
diodes is shown in Fig. 8-28. A tube switch has a capacitive load as in Fig. 
8-28a and for this reason, in the absence of the diodes, the output would have 
the waveform shown dashed in Fig. 8-28. However, diode D1 restrains v, 
from rising above V, and diode D2 prevents v, from dropping below V2, The 
output waveform is as shown by the solid curve. The waveform is now 
reasonably square, the rise and fall times having been reduced appreciably. 
For example, assume that diode D1 was used alone and that V; was adjusted 
to reduce the output voltage amplitude by only 20 percent. In this case a 
simple calculation shows that the rise time would be reduced to approximately 
one-half its original value. Finally we note that in the absence of the catching 
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Fig. 8-28 (a) Plate or collector catching diodes; (b) squaring of waveform of Fig. 
8-26d due to diodes. 
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Fig. 8-29 A collector catching didde 
is used to maintain constant output 
swing in the presence of a variable 
load. 


diodes the limits on the waveform are approached asymptotically (except for 
the fall in Fig. 8-27d), so that, in principle, the limits are never really attained. 
With the catching diodes the limits are reached in a finite time. 

A further application.of a catching diode is shown in Fig. 8-29. A transis- 
tor switch is to be called upon to provide a signal for a variable resistive load. 
Such a situation is of interest in digital-computer circuitry, where the output 
of one switch must provide the input signal to a variable number of succeeding 
switches. As is ordinarily the case in computers, the coupling from stage to 

- stage is direct (d-c), such as has been indicated in the figure. The levels of the 
input signal »; are assumed appropriate to carry the transistor from cutoff to 
saturation. In the absence of the diode, the output voltage at cutoff and 
hence the swing at the collector would depend on the load, For example, if 
there is no load the swing will be nominally equal to Vcc. If, on the other hand, 
the load resistor equals R., then the swing is only one-half Vcc. In the presence 
of the diode, however, the situation is different. In the absence of a load the 
collector will rise to Vz when the transistor stops conducting, and a current 
(Veco — Vr)/R, will flow through the diode. As load current is now drawn, 
the diode current will reduce correspondingly, but the collector voltage at 

' cutoff will remain constant at Vz. The output voltage will remain constant 
until the load current has become so large that the diode current has dropped 
to zero. The net result is that, up to a limit, the output swing at the collector 
is independent of the number of other switches to which it must “fan out” 
and that this swing is Vg — Vcx«(sat). 


8-14 NONSATURATING SWITCHES 


The limitation on speed imposed by the storage time of a saturated transistor 
prompts us (Chap. 20) to inquire about the operation of a switch which is not 
permitted to attain saturation. We consider now a number of such non- 
saturating transistor switches. : 

An obvious scheme for avoiding saturation is indicated in Fig. 8-30. 
When the input is at its lower voltage the transistor is cut off, the collector 
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Fig. 8-30 The diode D is used to 
prevent the transistor from enter- 
ing the saturation region. Note 
that Vee >> Ve = LV; 


is at Vee, and diode D does not conduct if Ve < Vec. When the input »; 
rises, the collector may fall only to the voltage Vz. At that voltage, diode D 
conducts and restrains the collector from falling further. The voltage Vez 
is small in comparison with Vcc but large enough (say ~1 V) to ensure that 
the collector junction will never become forward-biased. The usefulness of the 
circuit depends, of course, on the selection of a diode D which has a recovery 
time appreciably smaller than the recovery time of the transistor. 

As noted earlier, the current gain of a transistor hrz is a function of the 
particular sample of a transistor type as well as a function of temperature. 
The base current must be at least large enough so that even in the worst case 
of lowest hrz the collector current is adequate to drop the collector voltage 
to Ve. The transistor is in the active region. Therefore when either the 
base current zg increases above this minimum or, because of a temperature 
change or transistor replacement, hrz increases, the collector current will 
increase even though the collector voltage does not. This rise in collector 
current. increases the collector dissipation and the diode dissipation as well, 
because all the excess collector current passes through the diode. Altogether 
it is found that the method of Fig. 8-30 is not very reliable; it leads frequently 
to the destruction of both diode and transistor. 

The principle of an improved scheme is presented in Fig. 8-31. The diode, 
which in Fig. 8-30 was returned to a fixed reference voltage, is here returned 
to the base through a voltage Vs. The collector voltage may drop freely 
until the diode D1 conducts. From this point the drop from collector to base 
will be 


VvoB = —Von1 + Ve (8-35) 


in which V p; is the diode voltage drop from p side to n side. Since we require 
that vcs be positive (for an n-p-n transistor) to avoid saturation we require that 


Ve > Voi (8-36) 
even at the largest voltage across diode D1 corresponding to the largest current 
through it. 


The circuit operates by virtue of the nonlinear feedback which exists 
between the collector and base. Suppose that the diode is conducting and 
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Fig. 8-31 (a) A nonlinear feedback method to restrain the transistor 
from entering saturation; (b) an alternative connection. 


that, as a consequence of a change in hz, the collector current increases. This 
collector-current increment will flow in part through R, and in part through 
the diode and then through R,. The result will be a lowering of the collector 
voltage which will be transmitted to the base. The lowered base voltage 
will undo much of the effect of the increased collector current. Alternatively, 
we may describe the operation by saying that when the collector current 
increases because of an increase in hrg the current through the diode increases. 
Therefore some of the base current is shunted away from the base. 

As noted in Fig. 8-31, the driving current may be applied either directly 
to the base, as in Fig. 8-31a, or to the junction of the diode and voltage source, 
as in Fig. 8-31b. If the diode D1 is germanium, the voltage source Vz may be 
realized through the use of a forward-biased silicon diode. If a silicon diode 
is used for D1, two silicon diodes in series or an avalanche diode may be used 
for Vz. 

One of a number of possible nonsaturating switches is shown in Fig. 8-32. 
Here diode D1 transmits the feedback signal from collector to base. Diode D2 
supplies the voltage Vz. The additional diode D3 performs a function which 
is not restricted to nonsaturating switches and is often used in saturating 
switches as well. This diode ensures that initially, before the transistor is 


Fig. 8-32 An example of a non- 
saturating switch. 
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driven to conduction, the base of the transistor is not more negative than the 
forward voltage drop across D3. In this way, the delay time at the beginning 
of the response is kept small because the transistor is only slightly below cutoff. 
Also, D3 ensures that the breakdown voltage BV gz is not exceeded. And 
finally, as we see in greater detail in Chap. 20, the capacitor C assists in ensur- 
ing that the switch responds rapidly to the input signal. 


8-15 THE CATHODE FOLLOWER WITH A CAPACITIVE LOAD 


One of the useful properties of a cathode follower is its ability to handle a large 
input signal. As an example, consider a cathode follower, as in Fig. 8-33a, 
using a type 12AT7 vacuum tube with a cathode resistance R, = 20K. From 
the plate characteristics of Fig. D-4 it may be determined that the tube will 
operate within its grid base for the range of voltage of v, from —107 to +92 V. 
Atv; = —107 V the tube is just at cutoff, and atv; = +92V, Vex = 0. Fur- 
ther increase in v; will result in the flow of large grid current. However, over 
this allowable range of grid voltage (two-thirds as large as the total supply 
voltage of 300 V), the cathode follower possesses high input impedance, low 
output impedance, excellent linearity, and stability. If the tube were used 
as a conventional amplifier, with the load in the plate circuit the allowable 
grid swing would be only 7 V, because with a supply voltage of 300 V the tube 
cuts off at Vex = —7 V. 

The output impedance R, of a cathode follower (seen looking between 
cathode and ground) is equal to the parallel combination of the cathode 
resistor and a resistor 1/g,, where g, is the tube transconductance. Rather 
commonly R; >> 1/gm, so that R, ~ 1/gmn. The output resistance so attained 
is rather small in comparison with resistances normally encountered in vacuum- 
tube circuits. For the 12AT7, gn ~ 3 mA/V and R, = 3302. Other small 
tubes are available with g,, = 10 mA/V or higher, yielding R, = 100 & or less. 
This low output resistance is advantageous when, as in Fig. 8-33a, the cathode 


Vpp (200 V) 


4 Q2AT7) 


(a) (d) 
Fig. 8-33 (a) A cathode follower with capacitive load; (b) small-signal equivalent 
circuit for the purpose of finding the rise time of the output waveform. 
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Fig. 8-34 Waveforms of (a) the input 
and (b) the output of the circuit of Fig. 
8-33. 


follower is called upon to drive a capacitive load and a fast signa] must be 
handled. If the input »; is a small step voltage of amplitude V, the equivalent 
circuit for calculating the output voltage is as shown in Fig. 8-33b. The output 
rises with the time constant CR, = C/gm and for a fixed C is minimized by 
using a tube with the largest possible g,,. 

We shall now see, however, that when the cathode follower is loaded by a _- 
capacitor, it may handle a signal which is large but slow or fast but small. 
It is not able to handle a signal which is simultaneously larger than the grid 
base and possesses a short rise-time edge. Assume, for example, that in 
Fig. 8-33a, », = 0, in which case we find that v5 ~ —2.5V. Now let the input 
signal (Fig. 8-34a) consist of a negative step of magnitude 50 V, so that the 
grid drops to —52.5V. Because of the capacitor C the cathode cannot respond 
immediately, and it remains at 0 V. For Vex =~ 200 V, cutoff occurs at 
Vex = —6 V. Hence the tube will be driven to cutoff. Since the tube is 
now not conducting, the output »v, will start to fall exponentially with a time 
constant CR, rather than with a time constant C/gn. We find, again from 
the plate characteristics of Fig. D-4, that the steady-state cathode voltage 
corresponding to Vey = —52.5 V is Vx~w = —48 V. The waveform of the 
falling edge of the cathode waveform, v, = vxy, is now as shown in Fig. 8-34b. 
The voltage starts asymptotically toward — 100 V but is stopped at the —48-V 
level. Just slightly (about 6 V) before the —48-V level is reached the tube 
again enters its grid base, and the time constant associated with the fall 
changes from CR; to C/gm. 

Now let us assume that after the output has attained its steady-state 
value vy, = —48 V, the input is returned abruptly from —52.5 V back to its 
—2.5-V level, so that the cathode.is now to return to0 V. Again, because the 
cathode voltage cannot change abruptly, the grid will now be driven into the 
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positive grid region. The output now rises as the capacitor C is charged 
both by the tube current and by current delivered directly to the output from 
the input signal source through the grid-to-cathode resistance r,. Ifr, ~ 1/gm 
(an entirely reasonable possibility), then, of the current which charges the 
output capacitor, one-half will be supplied by the tube and one-half by the 
signal source. This situation will result in a rapid charging of the capacitor 
but certainly defeats the purpose for which the cathode follower is being 
employed, since it no longer is a high-input-impedance device isolating source 
from load. The rise of the waveform is shown in Fig. 8-34b. The time con- 
stant is initially CR), where Rj is the parallel combination of r, and 1/gm. 
Near the end of the rise the tube enters its grid base, and the time constant 
becomes again C/gm. 

We have so far neglected the effect of the resistance R, of the source 
which provides the input grid signal. If this resistance is appreciable, then 
on the rising edge of the waveform the extent to which the grid will go positive 
with respect to the cathode will be limited and so also will be the amount of 
current which the tube will supply. For this condition of very large R, the 
grid will be clamped to the cathode and the output impedance of the tube will 
be its plate resistance r,. When R, is taken into account, the output imped- 
ance of the cathode follower on the rising edge and until the tube returns 
to its grid base is (Prob. 8-39) 


R, = rp, + 15) 
oR +e + we + re 


In the limit when R, > ©, R, = rp, and when R, = 0, and for» >> 1, KR, ~ Ry. 


(8-37) 


8-16 THE EMITTER FOLLOWER WITH A CAPACITIVE LOAD 


An emitter follower with capacitive load is shown in Fig. 8-35. The resistor R, 
represents the sum of the source resistance, the base-spreading resistance, 
and any other resistance added deliberately in series with the base. In the 
active region the input and output are coupled by the forward-biased emitter 
junction. The usefulness of the emitter follower results from the impedance 
transformation effected by the transistor. As noted in Sec. 1-12, the input 
impedance is high and is given by Eq. (1-50) and the output impedance is 
low and is given by Eq. (1-54). 

Neglecting the effect of the capacitor C, an emitter follower can handle 
a signal which approximates much more closely the supply voltage than is the 
case with a cathode follower. With reference to Fig. 8-35 we note that one 
limit on the input is approximately 0 V, at which point the transistor would 
effectively be cut off. The other limit is saturation. When a silicon transistor 
is in saturation the collector-to-emitter voltage is about 0.3 V and the base-to- 
emitter voltage about 0.7 V, leaving 0.4 V between collector and base. There- 
fore saturation will occur when the base-to-ground voltage is about 0.4 V 
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Fig. 8-35 (a) A capacitively loaded emitter follower; (b) the input and (c) the output 
waveforms. 


larger in magnitude than Vcc. The input », becomes somewhat larger still 
because of the voltage drop in R,. This result is to be compared with the 
situation in the cathode follower, where an input signal of the order of two- 
thirds of the supply voltage is obtained. 

We consider now the output waveform of the circuit of Fig. 8-35 in 
response to the input signal shown, which makes abrupt transitions between 
the level 9.and 3.V. The waveforms are shown in Fig. 8-35b andc. Allowing 
a 0.6-V drop across the emitter junction in the active region and assuming 
hy. = 50, so that the emitter current is 51 times the base current, we find that 
when v, = 9 V, the drop across R, is about 0.1 V, and » = 8.3. When the 
input drops abruptly to 3 V, the transistor is driven off because the emitter 
voltage is 8.3 V and hence the emitter junction is reverse-biased. The capaci- 
tor now discharges asymptotically toward 0 V with a time constant RC. 
The discharge toward zero is halted at v. = 2.4 V, which is the steady-state 
output voltage corresponding to v. = 3 V. As the voltage », drops to about 
0.5 V below the 3.0-V base level, at which time », is about 0.1 V above the 
2.4-V level, the transistor enters its active region and the time constant changes 
to RC, where Rj is the parallel combination of R. with the emitter-follower 
output impedance ~ (R, + Iie) /(hye + 1) = 309, with hee = 1K. 

At the rising edge of the input waveform the emitter junction is driven to 
clamp (Vaz ~ V.), so that the base current is initially 

v, —~Ve—v. _ 9 —0.7 — 2.4 


B= aa) = 0.5 = 11.8 mA 
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Fig. 8-36 An emitter-follower circuit using complementary 
transistors. 


Since the voltage difference between the supply and the capacitor voltage 
(10 ~ 2.4 = 7.6 V) appears from collector to emitter and is of such polarity 
as to reverse-bias the collector junction, the transistor is therefore in its active 
region. A very large collector current should flow, since 


tc © hpgtiz = (50)(11.8) = 590 mA 


The actual collector current may be: considerably smaller because of the 
collector body resistance and the power-supply internal resistance. The large 
collector current charges the capacitor rapidly. 

We observe in both Fig. 8-34 for the cathode follower and Fig. 8-35 for 
the emitter follower that the rates of fall and rise may be very unequal. In 
the case of the vacuum-tube circuit this situation is not correctable by any 
simple means. In the case of the transistor there is a simple remedy because 
of the availability of complementary transistor pairs. A complementary tran- 
sistor pair is a set, one of which is an n-p-n unit and the other is p-n-p and which 
have similar current and voltage ratings. An emitter-follower circuit using 
such a pair which serves to give the falling edge a speed comparable to that 
of the rising edge is shown in Fig. 8-36. Let us assume that », is at its upper 
level. Then Q1 will be conducting and v, = 8.4 V if the drop across FR, is 
negligible. The voltage v, appears across Q2, but since Q2 is a p-n-p transistor 
and the base voltage of Q2 is 9.0 V, this transistor will be well beyond cutoff. 
At the moment that v, makes its abrupt negative transition, Q1 will be driven 
to cutoff, but Q2 will be in its active region. The collector current of Q2 will 
become very large so that C may discharge abruptly through Q2. Altogether, 
C will charge rapidly through @Q1 and discharge rapidly through Q2, yielding 

,an output waveform »v, in which both edges are fast. 

In Sec. 5-7 it is pointed out that a small-signal capacitively loaded emitter 
follower may break into oscillations. The same difficulty may arise with the 
overdriven emitter follower as it passes through the active region. The 
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several methods indicated in Sec. 5-7 for minimizing the possibility of oscilla- 
tions are equally effective for the large-signal transistor circuits considered here. 
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LOGIC 
CIRCUITS 


Even in a large-scale digital system, such as in a computer, or in 
‘a data-processing, control, or digital-communication system, there 
are only a few basic operations which must be performed. These 
operations, to be sure, may be repeated very many times. The four 
circuits most commonly employed in such systems are known as the 
OR, AND, NOT, and Fiip-FLop. These are called logic gates or circuits 
because they are used to implement Boolean algebraic equations (as we 
shall soon demonstrate). This algebra was invented by G. Boole in 
the middle of the nineteenth century as a system for the mathematical 
analysis of logic. 

This chapter discusses in detail the four basic logic circuits men- 
tioned above. Auxiliary circuits such as delay devices, amplifiers, 
wave-shaping circuits, etc., which are also used in digital systems are 
treated elsewhere in this text. 

Since logic gates are used extensively in digital computers we shall 
take our illustrations of these switching gates from this field. 


9-1 SOME FEATURES OF A DIGITAL COMPUTER!-4 


An electronic digital computer is a system which processes and stores 
very large amounts of data and which solves scientific problems of 
numerical computation of such complexity and with such speed that 
solution by human calculators is not feasible. We may get some sense 
of the basic processes involved if we think of the computer as a system 
which is able to perform numerical computation and to follow instruc- 
tions with extreme rapidity but which is not able to program itself. 
The numbers and the instructions which form the program the com- 
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n (numbers) 
o (orders) 

¢ (control voltages) 
Fig. 9-1 Showing interrelationship of basic elements of a 


digital computer (Ref, 1). 


puter is to follow are stored in an essential part of the computer called the 
memory. A second important portion of the computer is the control, whose 
function it is to interpret orders. The control must convert the order into an 
appropriate set of voltages to operate switches, etc., and thereby carry out the 
instructions conveyed by the order. A third basic element of a computer is 
the arithmetic unit, which contains the circuits which actually perform the 
arithmetic computations: addition, subtraction, etc. The control and arith- 
metic components combined are called the central processor. Finally, a com- 
puter requires appropriate input-output devices for inserting numbers and 
orders into the memory and for reading the final result. The input-output 
components may be punched cards or paper tape, magnetic tape, photographic 
film, typewriters, printers, etc., and the study of these devices is outside the 
scope of this book. Our principal interest is in the logic gates of the central 
processor and in some types of memory circuits. 

Suppose we consider that, as part of a larger routine, an order to perform an 
addition or division, ete., has been transmitted to the central processor. In 
response to this order the control must’ select the correct operands from the 
memory, it must transmit these operands to the correct arithmetic unit, and 
it must return to the memory in some previously designated place the result 
of this computation. The memory serves, then, to store not only the origi- 
nal input data but also the partial results which will have to be used again as 
the computation proceeds. Lastly, if the computation is not to cease with 
the execution of this instruction and the storage of the partial result, the control 
unit must automatically sequence to the next instruction, 

In terms of this crude representation of the functioning of a digital com- 
puter the interrelationship of the various components is as indicated in Fig. 9-1. 
The connection of the control unit back to the input is to permit insertion of 
more data when room becomes available in the memory. 


9-2 DIGITAL (BINARY) OPERATION OF A SYSTEM?-4 


A digital system functions in a binary manner. It employs devices which are 
permitted to exist in only two possible states. A transistor is allowed to 
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TABLE 9-1 Binary-state terminology 


7 10 
One of the 
states..... North 
The other 
state...... South 
pulse] excited 


operate at cutoff or in saturation, but not in its active region. A node may be 
at a high voltage of, say, 12 + 2 V or at a low voltage of, say, 0 + 0.2 V, but 
no other values are allowed. Various designations are used for these two 
quantized states, and the most common of these are listed in Table 9-1. 
In logic, a statement is characterized as true or false, and this is the first binary 
classification listed in the table. A switch may be closed or open, which is 
the notation under 9, etc. Binary arithmetic and mathematical manipulation 
of switching or logic functions-are best carried out with classification 3, which 
involves two symbols, 0 (zero) and 1 (one). 

The binary system of representing numbers will now be explained by 
making reference to the familiar decimal system. In the latter the base is 
10 (ten), and ten numerals, 0, 1, 2, 3,..., 9, are required to express an 
arbitrary number. To write numbers larger than 9, we assign & meaning to 
the position of a numeral in an array of numerals. For example, the number 
1264 (one thousand two hundred sixty four) has the meaning 


1264 = 1 X 10° + 2 X 10? + 6 X 10' + 4 X 10° (9-1) 


Thus the individual digits in a number represent the coefficients in an expan- 
sion of the number in powers of 10. The digit which is furthest to the right 
is the coefficient of the zeroth power, the next is the coefficient of the first 
power, and so on. 

In the binary system of representation the base is 2, and only the two 
numerals 0 and 1 are required to represent a number. The numerals 0 and 1 
have the same meaning as in the decimal system, but a different interpretation 
is placed on the position occupied by a digit. In the binary system the 
individual digits represent the coefficients of powers of two rather than ten as in 
the decimal system. For example, the decimal number 19 is written in the 
binary representation as 10011 since 


1X 24+0X2?+0X 2?+1 xX 2'+ 1 X 2° 
16 + 0 + 0 + 2 + 1 =19 (9-2) 


10011 


till 


A short list of equivalent numbers in decimal and binary notation is given in 
Table 9-2. 
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TABLE 9-2 Equivalent numbers in decimal and 
binary notation 


EEE 


Decimal Binary Decimal Binary 
notation notation notation notation 
0 00000 11 01011 

1 00001 12 01100 

2 00010 13 01101 

3 00011 14 01110 

4 00100 15 01111 

5 00101 16 10000 

6 00110 17 10001 

7 00111 18 10010 

8 01000 19 10011 

9 01001 20 10100 

10 01010 21 10101 


A general method for converting from a decimal to a binary number is 
indicated in Table 9-3. The procedure is the following. Place the decimal 
number (in this illustration, 19) on the extreme right. Next divide by 2 
and place the quotient (9) to the left and indicate the remainder (1) directly 
below it. Repeat this process (for the next column 9 + 2 = 4 and a remainder 
of 1) until a quotient of 0 is obtained. The array of 1’s and 0’s in the second 
row is the binary representation of the original decimal number. In this 
example, decimal 19 = 10011 binary. 

A binary digit (a 1 or a 0) is called a bit. A group of bits having a sig- 
nificance is a bite, word, or code. For example, to represent the 10 numerals 
(0, 1, 2,..., 9) and the 26 letters of the English alphabet would require 
36 different combinations of 1’s and 0’s. Since 2 < 36 < 2°, then a minimum 
of 6 bits per bite are required in order to accommodate all the alphanumeric 
characters. In this sense a bite is sometimes referred to as a character and & 
group of one or more characters as a word. 


Logic Systems In a d-c or level-logic system a bit is implemented as one 
of two voltage levels. If, as in Fig. 9-2a, the more positive voltage is the 
1 level and the other is the 0 level, the system is said to employ d-c positive 
logic. On the other hand, a d-c negative-logic system, as in Fig. 9-2b, is one 
which designates the more negative voltage state of the bit as the 1 level and 
the more positive as the 0 level. It should be emphasized that the absolute 
values of the two voltages are of no significance in these definitions. In 


TABLE 9-3 Decimal-to-binary conversion 


Divide by 2.........- 0 1 2 4 9 
1 0 0 1 1 


19 decimal 


Remainder........... Binary 
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Fig. 9-2 Illustrating the definitions 


YEA vol of (a) positive and (b) negative 
logic. The numerical value of the 
ov va)=-0V ; voltage V(1) of the 1 state and of 
v= -4V ‘ the voltage V(0) of the 0 state is 
arbitrary. A transition from one 
(a) (b) state to the other occurs att =v’. 


particular, the 0 state need not represent a zero voltage level (although in some 
systems it might). In Fig. 9-2b we have intentionally illustrated the case 
where the value of the 1 state is 0 V. 

In a dynamic or pulse logic system a bit is recognized by the presence 
or absence of a pulse. A 1 signifies the existence of a positive pulse in a 
dynamic positive-logic system; a negative pulse denotes a 1 in a dynamic 
negative-logic system. In either system a 0 at a particular input (or output) 
at a given instant of time designates that no pulse is present at that particular 
moment. In a “double-rail’” system the variable appears on two leads. A 
pulse on one lead indicates that the variable has the 0 value, whereas a pulse 
on the other lead signifies a 1. A system employing pulses for bits may be 
constructed with capacitive or transformer (a-c) coupling between stages, 


.. although d-c coupling may also be used with pulses. 


Most computers using pulses operate as synchronous systems since all 
operations are performed during definite constant intervals of time. There 
is available in a computer, to achieve this synchronism, a continuous sequence 
of pulses of good waveshape, whose frequency is usually established by a 
crystal oscillator. This stable oscillator determines the basic rate at which 
the computer operates and for this reason is referred to as the master clock. 
These clock pulses are distributed to all parts of the computer, where they are 
used to maintain the timing of the system. 

In a synchronous dynamic system a number is represented in serial form 
by a train of pulses. A 1 is implemented by a pulse occurring at the same 
time as a clock pulse, whereas for a 0 a signal pulse is absent at a particular 
clock-pulse time. For example, the pulse train in Fig. 9-3a represents the 
binary number 11010111 (decimal 215) in a positive “single-rail” logic system. 
Such a signal is called a binary-coded pulse train. Note that since time increases 
from left to right, the least-significant pulse occurs at the extreme left (at 
t = 0), whereas in representing a binary number the least-significant bit is 
placed at the extreme right. Ina similar way, the instructions which must be 
conveyed from place to place are also transmitted in the form of a train of 
pulses. Actually, then, a waveform representing a number is indistinguishable 
from a waveform representing an instruction. 

A d-c system may function synchronously in the sense that all operations 
are performed sequentially and in coincidence with a timing pulse from the 
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clock. In such # computer the clock interval must be longer than the mini- 
mum time of any operation. On the other hand, a d-c system may also be 
used in an asynchronous manner. In this mode, there is no clock, but instead 
each completed logic operation generates a timing pulse to start the next 
operation. The overall speed of an asynchronous system is higher than that 
of the synchronous machine since the former is determined by the average 
speed of an operation whereas the latter is established by the maximum time 
of any operation. However, because of the need for additional circuitry to 
designate the end of a logical operation, an asynchronous system is more 
complex than one run synchronously. a 

The signal waveform of Fig. 9-3a consists of a time sequence of pulses. 
The pulses (or absence of pulses) occur serially, one after another, and the 
information (number or instruction) conveyed by this pulse sequence may be 
transmitted from one place to another over a single communication link (i.e., 
in the simplest case, a pair of wires). This mode of representing information 
is described by the word serial. Alternatively, we may devise that each 
of the pulses (or absence of pulses) needed: to represent the information occurs 
simultaneously on a separate channel (i.e., in the simplest case, on a separate 
wire, there being, say, a common ground). This mode of operation is described 
by the word parallei. In the serial mode the time required to transmit the 
information is the duration 7 of a pulse interval multiplied by the number of 
bits in the character. In the parallel mode, the information is transmitted 
in one pulse interval but we require as many channels as there are bits in the 
character. The serial mode is slower but cheaper; the parallel mode is faster 
but more expensive. 

“With the above brief description of digital-computer fundamentals, the 
binary method of coding information, and the common modes of operation 
we are now ready to study the logic circuits (or, AND, NOT, and FLIP-FLOP) 
which form the basic building blocks of the machine. We shall first define 
each of these logic gates and then show how to implement the desired function 
in hardware. We shall then consider the sequential operation of various 
combinations of these switching gates to perform more advanced logic, such 


1 1 1 0 1 0 1 1 = “11010111215 
Pelle fl. IG, & 
2° 2 2? 23 24 28 26 2? Time (a) 


FLL LL 


0 tol () 


Fig. 9-3 (a) A pulse train representing a number (or an order) in 
@ synchronous positive-logic digital system; (b) the clock pulses, 
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Output 


Fig. 9-4 (a) The IEEE standard for 
an oR gate and its Boolean expres- 
sion; (b) the truth table for a two- 


Y=A+Bt+--4+N input OR gate. 


(a) (0) 


as is needed in the control, the memory, or the arithmetic sections of the 
computer. 


9-3 THE OR GATE?-¢ 


An or gate has two or more inputs and a single output, and it operates in 
accordance with the following definition:' The output of an OR assumes the 
1 state if one or more inputs assume the 1 state. The n inputs to a logic circuit 
will be designated by A, B, . . . , N and the output by Y. It is to be under- 
stood that each of these symbols may assume one of two possible values, either 
0 ori. The IEEE standard symbol for the or circuit is given in Fig. 9-4a, 
together with the Boolean expression for this gate. The equation is to be read 
“Y equals A or B or: - - or N.” Instead of defining a logical operation in 
words, an alternative method is to give a truth table which contains a tabula- 
tion of all possible input values and their corresponding outputs. It should 
be clear that the two-input truth table of Fig. 9-4 is equivalent to the above 
definition of the or operation. 

In a diode-logic (pL) system the logical gates are implemented by using 
diodes. A diode or for negative logic is shown in Fig. 9-5, where the symbol D 
is used to represent either a thermionic or a semiconductor diode (although 
the former would be used only in those infrequent circumstances when very 
high voltages are required). The generator source resistance is designated by 
R,. We consider first the case where the supply voltage Vz has a value equal 
to the voltage V(0) of the 0 state for d-c logic. 


A Rs D1 


Fig. 9-5 A diode or circuit for 
negative logic. [itis also possible 
to choose the supply voltage such 

a ae ee ee that Vz > V(0), but that arrange- 
ment has the disadvantage of draw- 
ing stand-by current when all inputs 
are in the 0 state.] 


V@) 


va) 


Yel = VO)] 
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If all inputs are in the 0 state, then the voltage across each diode is 
V(O) — V(O) = 0.- Since in order for a diode to conduct it must be forward- 
biased by at least the cutin voltage V, (Fig. 7-3), then none of the diodes 
conducts. Hence the output voltage is v, = V(0), and Y is in the 0 state. 

If now input A is changed to the 1 state, which for negative logic is 
at the potential V(1), less positive than the 0 state, then D1 will conduct. The 
output becomes 


R 
v% = V(0) — [V(O) — V1) — Vy] RTR,+#; 
where Ry is the diode forward resistance. Usually & is chosen much larger 
than R, + Ry. Under this restriction 


v = V(1) + Vy 


Hence, the output voltage exceeds the more negative level V(1) by V, 
(approximately 0.2 V for germanium or 0.6 V for silicon). Furthermore, the 
step in output voltage is smaller by V, than the change in input voltage. 
From now on, unless explicitly stated otherwise, we shall assume R > R, 
and ideal diodes with R; = OandV, =0. The output, for input A excited, is 
then ». = V(1) and the circuit has performed the following logic: if A = 1, 


B=0,...,N =0, then Y =1, which is consistent with the or operation, 
For the above excitation, the output is at V(1) and each diode, except 
D1, is back-biased. Hence, the presence of signal sources at B,C, ...,N 


does not result in an additional load on generator A. Since the or configura- 
tion minimizes the interaction of the sources on one another, this gate is some- 
times referred to as a buffer circuit. Since it allows several independent 
sources to be applied at a given node it is also called a (nonlinear) mixing gate. 

If two or more inputs are in the 1 state, then the diodes connected to 
these inputs conduct and all other diodes remain reverse-biased. The out- 
put is V(1) and again the or function is satisfied. If for any reason the 
level V(1) is not identical for all inputs then the most negative value of V(1) (for 
negative logic) appears at the output, and all diodes except one are nonconducting. 

A positive-logic or gate uses the same configuration as that in Fig. 9-5 
except that all diodes must be reversed. The output now is equal to the most 
positive level V(1) [or more precisely is smaller than the most positive value of 
V(1) by V,]. If a dynamic logic system is under consideration, then the out- 
put-pulse magnitude is (approximately) equal to the largest input pulse (regard- 
less of whether the system uses positive or negative logic). 


Dynamic Systems The influence of shunt capacitance and diode capaci-~ 
tance on the output pulse is easily seen. Assume, for simplicity, that the 
level V(O) is at ground potential and that only one generator is furnishing an 
input pulse. Since, therefore, all diodes but one are back-biased during the 
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(a) = (6) 
Fig. 9-6 (a) Equivalent circuit for an or circuit with one input excited; (b) 
output waveform in response to input pulse. 


input pulse, the capacitance shunted across the output is C = Co + (n — 1)Ca, 
in which C, is the capacitance across R, and Cz is the diode capacitance. We 
neglect here the impedance of all generators connected to the back-biased 
diodes and also assume that R>> R,, where R, is the output impedance 
of the generator supplying the pulse. This input pulse will appear at the 
output with a rounded leading edge whose time constant is R,C. The equiv- 
alent circuit and waveform are shown in Fig. 9-6a and b. When the input volt- 
age rises at the end of the pulse, the output capacitor will maintain the output 
voltage and every diode will be back-biased. The capacitor C (whose capaci- 
tance is now equal to C. + nCz) must discharge through R. The trailing- 
edge rise time will therefore be very much longer than the leading-edge rise 
time since R> R,. The number of input circuits which may be used is 
determined by the required transient response of the network. There will also: 
be a small amount of coupling between generators because of the diode capaci- 
tances, but this effect need not be serious. 

The above discussion has neglected entirely the diode forward and reverse 
recovery times. If the rise and fall times in Fig. 9-6 due to shunt capacitance 
are small compared with the diode transient times due to minority-carrier 
storage, then the recovery-time considerations given in Sees. 20-1 to 20-6 
become important. For very-high-speed circuits, the diode internal character- 
istics rather than the shunt capacitance may be the limiting factor in the 
transient response. 

A second mode of operation of the or circuit of Fig. 9-5 is possible if Vr 
is set equal to a voltage more positive than V(0) by at least V,. For this 
condition all diodes conduct in the 0 state, and v. ~ V(0) if R>> R.+ Ry. If 
one or more inputs are excited then the diode connected to the most negative 
V(1) conducts, the output equals this value of V(1), and all other diodes are 
back-biased. Clearly, the or function has been satisfied. The output wave- 
form for a pulse input is the same as in Fig. 9-6 on the leading edge. However, 
on the trailing edge the output rises toward Vz but is clamped when it reaches 
V(O) (Fig. 9-12). 

A third mode of operation of the circuit of Fig. 9-5 results if we select 
Ve < V(O). This arrangement has the disadvantage that the output will not 
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Fig. 9-7 A two-input or gate 
for positive pulses using capaci- 
tive coupling, 


respond until the input falls enough to overcome the initial reverse bias of the 
diodes. 

In a dynamic logic system, if the pulses are at an inconvenient average- 
voltage level, then capacitive coupling is employed as indicated in Fig. 9-7, 
The diode polarities shown are appropriate for positive pulses. Note that 
because of the presence of the blocking capacitors C, the d-c level of the signal 
is immaterial, and hence, for convenience, the resistor R may be connected 
to ground instead of to the voltage Vr, as in Fig. 9-5. Now, however, d-c 
restoration. is required, as indicated by the shunt diodes in Fig. 9-7. The 
resistors FR’ are large and may possibly be omitted altogether with semi- 
conductor diodes. When an input is excited with a pulse, the corresponding 
input capacitor will acquire a charge because of the current which flows | 
through the series diode. At the termination of the pulse the capacitor will 
quickly discharge through the shunt diode. Hence the next pulse in the 
train will be transmitted with full amplitude to the output. In general, the 
complication of a-c coupling with restorers should be avoided. 


Emitter-follower Logic (rFL) A second implementation of the or circuit, 


using an emitter-coupled on gate, is indicated in Fig. 9-8, where an emitter 
follower is used for each input and where the output is taken from the common 


an Voc < vq) 
1 


oV(0) 


Fig. 9-8 An or circuit for negative logic using fransistors in an 
emitter-follower configuration. (This same circuit is also a posi- 
tive AND gate, as is shown in Sec. 9-4.) 
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emitter resistor R. The bottom of this resistor goes to a supply voltage equal 
to V(0). For negative logic the transistors must be of the p-n-p type as shown. 
Tf all inputs are at the 0 level V(Q) then each base-to-emitter voltage is at 


v0) — V0) =0V 


and each transistor is virtually at cutoff. The output is then », = V(0), or 
Y =0. On the other hand, if any input is at the 1 level, then, because of 
emitter-follower action, the output is v = V(1) (neglecting the small base-to- 
emitter voltage), or Y = 1. The base-to-emitter voltage of all transistors 
other than the one which is excited is V(0) — V(1). Since this is a pos- 
itive voltage (for negative logic), these p-n-p transistors are oFF. Here, 
then, is a circuit obeying the or logic and having a higher input impedance 
than the diode-logic gate. If more than one input is excited simultaneously, 
then the output follows the most negative value of V(1). Note that the collec- 
tor supply voltage —Vcc must be more negative than V(1) if the excited 
transistor is to be driven into its active region. (If the transistor went into 
saturation then the input impedance would be shunted by the low-saturation 
base-to-collector resistance.) In practice a resistor would probably be added 
in series with the supply voltage — Vcc to protect the transistors in case of an 
accidental short circuit to ground at the output. 

For positive logic, n-p-n transistors must be used and Veco must be more 
positive than V(1). If high voltages are required, then vacuum tubes may be 
used as cathode followers for positive logic. Since there is no tube equivalent 
of a p-n-p transistor, a vacuum-tube negative-logic or circuit analogous to 
that in Fig. 9-8 is not possible. 

The general appearance of an output pulse from the circuit of Fig. 9-8 
will be as shown in Fig. 9-6. That is, the leading edge will have a shorter rise 
time than the trailing edge. The reason is again that the total shunt. capaci- 
tance across the output will charge through an impedance which is relatively 
low. In the active region the output resistance of an emitter follower is 
approximately (R, + hie)/(1 + Aye), where R, is the source impedance. At 
the end of the pulse, however, the capacitor must discharge through & alone. 


Boolean Identities If it is remembered that A, B, and C can take on 
only the value 0 or 1, then the following equations from Boolean algebra 
pertaining to the or (+) operation are easily verified: 


A+B+C=(A+B)+C=A+t (B+ C) (9-3) 
A+B=B+A4 (9-4) 
A+tA=A (9-5) 
A+t+1=1 (9-6) 


At+0=A .- (9-7) 
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These equations may be justified by referring to the definition of the or 
operation, to a truth table, or to the action of the or circuits discussed above. 


9-4 THE AND GATE?-6 


An AND gate has two or more inputs and a single output, and it operates in 
accordance with the following definition: The output of an AND assumes the 
1 state if and only if all the inputs assume the 1 state. The IEEE standard for 
the anp circuit is given in Fig. 9-9a, together with the Boolean expression for 
this gate. The equation is to be read “Y equals A and Band - - - and N.” 
{Sometimes a dot (-) or a cross (X) is placed between symbols to indicate the 
AND operation.] It may be verified that the two-input truth table of Fig. 
9-9b is consistent with the above definition of the aNp operation. 

A diode-logic (pu) configuration for a negative -aND gate is given in 
Fig. 9-102. To understand the operation of the circuit, assume initially. 
that all source resistances R, are zero and that the diodes are ideal. If any\ 
input is at the 0 level V(0), the diode connected to this input conducts and the 
output is clamped at the voltage V(0), or Y = 0. However, if all inputs are 
at the 1 level V(1), then all diodes are reverse-biased and v, = V(1), or Y = 1. 
Clearly, the anp operation has been implemented. The anp gate is also called 
a coincidence circuit. 

A positive-logic anp gate uses the same configuration as that in Fig. 9-10 
except that all diodes are reversed. This circuit is indicated in Fig. 9-10b 
and should be compared with Fig. 9-5. It is to be noted that the symbol V(0) 
in Fig. 9-5 designates the same voltage as V(1) in Fig. 9-10b because each 
represents the upper binary level. Similarly, V(1) in Fig. 9-5 equals V(0) 
in Fig. 9-106 since both represent the lower binary level. Hence, these two 
circuits are identical, and we conclude that a negative or gate is the same circuit 
as @ positive AND gate. This result is not restricted to diode logic, and, by using 
Boolean algebra, we show in Sec. 9-8 that it is valid independently of the hard- 
ware used to implement the circuit. 

In Fig. 9-10b it is possible to choose Vp to be more positive than V(1). 
If this condition is met, then all diodes will conduct upon a coincidence (all 
inputs in the 1 state) and the output will be clamped to V(1). The output 
impedance is low in this mode of operation, being equal to (R, + R,)/n in 
parallel with R. On the other hand, if Ve = V(1) then all diodes are cut off 


A 
Fig. 9-9 (a) The IEEE standard for B A Y 
an AND gate and its Boolean expres- —_ 
sion; (b) the truth table for a two- 
Y=AB--N 


input AND gate. 


(a) (0) 
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Vp =(VQ)] 


V(0) 


va) 
Val= VO) 


= (a) = (6) 


Fig. 9-10 A diode-logic anv circuit for (a) negative logic and (b) positive logic. 


at a coincidence, and the output impedance is high (equal to. R). If for any 
reason not all inputs have the same upper level V(1), then the output of the 
positive anp gate of Fig. 9-10b will equal V(1)min, the least positive value of 
V(1). Note that the diode connected to V(1)min conducts, clamping the out- 
put to this minimum value of V(1) and maintaining all other diodes in the 
reverse-biased condition. If, on the other hand, Ve is smaller than all inputs 
V(1), then all diodes will be cut off upon coincidence and the output will rise 
to the voltage Vr. Similarly, if the inputs are pulses, then the output pulse will 
have an amplitude equal to the smallest input amplitude [provided that Vris 
greater than V(1) min]. 

Let us now examine the positive-logic circuit of Fig. 9-10b more carefully, 
taking into account the source resistance R,, the diode forward resistance Ry, 
and the diode break-point voltage V,. Assume that m inputs are at V(1) 
and hence that m diodes are reverse-biased. The remaining n — m diodes 
conduct, and hence the effective circuit of these diodes in parallel consists of a 
resistance (R, + R,;)/(n — m) in series with a voltage V,. For this excitation 
the output is = 


v= V(1) ae [V(1) — V(0) = Vy] R + (R, aT Ry/@ = m) (9-8) 


Note that if all inputs are excited, m = n and», = V(1), which is the expected 
output voltage for a coincidence. Also, if we neglect R, + Ry; compared with 
R, then if m ¥ n, 


» = V0) + V, | (9-9) 


and the output is clamped at a value V, above the V(0) level. However, if 
we take the nonzero value of R, + R; into account, then we see from Eq. (9-8) 
that the output will respond to the number m of excited inputs. The output 
increases by small steps as m increases from 0 ton — 1. This variation in level 
is called logical noise. If R>> R, + R,, then the response at a coincidence 
will be very much larger than the response resulting even when all but one 
of the diodes are caused to stop conducting (m = n — 1). However, in an AND 
circuit even the slight response (the noise) to something less than a complete 
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coincidence is often undesirable. To reduce this effect a shunt diode D is 
added to Fig. 9-10b, converting it to Fig. 9-11 in order to clamp the output to a 
fixed voltage V’ until all inputs are excited. 


Use of Clamping Diode In Fig. 9-11, V’ must be adjusted so that the 
individual diode currents J,, Z2, ... , In (which are nominally equal to one 
another) are each larger than J. If we assume, for the moment, perfect diodes, 
then the restriction 7; > J means 


Vi = V0) | Ve~-V'_ 
R, | 


In this case, even if all but one diode is back-biased by input signals, the diode 
D will be required to continue to conduct, and the output will remain clamped 
to V’. If, however, all the input diodes stop conducting, the diode D must also 
become nonconducting and the output must rise toward Vz. If Ve > V(1), 
then the input diode connected to V(1)min will clamp the output to this lowest 
input level, as already noted above. A limitation on the number of input 
circuits which may be employed is the current-carrying capacity of the diode D. 
The diode D keeps the output close to V’ for anything less than a complete 
coincidence but, of course, will not act as a perfect clamp because of the finite 
forward resistance R; of D. Hf, say, some number m < n diodes are cut off, 
the current in D must change by an amount AI, ~ mJ, and the output will 
change by (A/,)#;. The magnitude of this change is usually quite small in 
‘comparison to the output which results at a coincidence. 

The circuit of Fig. 9-11 is an AND circuit since its output remains in the 0 
state unless all inputs are in the 1 state, in which case the output goes to the 
1 state. However, there has been a d-c level shift because the 0 state V(0) 
of the input is not the same as the 0 state V’ of the output. From Eq. (9-10) 
we must choose V’ > V(O) in order to have a positive value for the current J}. 
We could have emphasized earlier that a d-c level shift takes place to some 
extent in all gates using real (nonidealized) elements. For example, in the or 
circuit of Fig. 9-5 having an input V(1) in the 1 state, the output is also at the 
1 level but the voltage of the output 1 state is given by V(1) + V,, which 
differs from the input by V,. If in passing through a logic gate the level shift, 
or the delay, rise, and fall times, or the attenuation is too large then it may 
be necessary to follow this stage with a circuit designed to reshape, to retime, or 
to amplify the signal. 


= 


I (9-10) 


Fig. 9-11 A positive AnD gate 
with a clamping diode D shunting v(1) 
the output. 


V(0) 
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U% Yo 
--\ Fig. 9-12 Effect of capacitance.on 
waveform of output of an anD 
- V0) sain cirevit. (a) V(1)min > Vai 
v' 7 v' - (b) V1) min < Va. 


(2) (0) 


A Dynamic System The waveform of an output pulse is easily calculated 
if we neglect the capacitances across the diodes. When the output pulse is 
formed, all the diodes are reverse-biased and the output capacitance C, must 
charge through R. The output will therefore rise from V’ to Vz with a time 
constant RC,. At the termination of the input pulses the series diodes conduct 
and hence introduce a resistance R’ = (R, + Rs)/n. The output capacitance 
now discharges with a time constant equal to the product of C, and the parallel 
combination of Rand R’. The trailing edge of the output pulse will therefore 
decay much more rapidly than the leading edge rises. The waveform is 
indicated in Fig. 9-12a, provided that the peak value of the pulse exceeds Vz. 
This result is to be compared with the corresponding waveform in Fig. 9-6 
for the or circuit. The rise time is improved if the peak value of the pulse is 
smaller than Vr. Under these circumstances the output rises toward Vr 
but is clamped at the peak of the smallest pulse by the diode connected to the 
generator supplying this pulse. The waveform is indicated in Fig. 9-126. 
If the diode capacitances are taken into account the output waveforms are 
modified only slightly from those indicated in Fig. 9-12. 

The circuit of Fig. 9-11 may be modified for capacitive coupling by insert- 
ing a series blocking capacitor C before each input and a resistor from each 
input to ground or to some reference voltage. No additional diodes are needed 
for restoration since at the end of each pulse C may discharge rapidly through 
the combination of its own diode and the shunt diode D, As with the or 
gate, here also direct coupling is preferable to capacitive coupling. 

Transistors in emitter-follower logic (BFL) can implement the anv function. 
For example, the circuit of Fig. 9-8 without modification functions as a positive 
AND gate. A negative aNnp is obtained by using n-p-n transistors or tubes. 


Boolean Identities Since A, B, and C can only have the value 0 or 1, 
then the following expressions involving the anp operation may be verified: 


ABC = (AB)C = A(BC) (9-11) 
AB =BA (9-12) 
AA=A (9-13) 
Al=A (9-14) 
AO =0 (9-15) 


A(B+C) = AB+ AC (9-16) 
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Input | Output 


* (a) (b) (c) 
Fig. 9-13 Logic negation at the input (a) and output (b) of 
a logic block and the Boolean equation for negation; (c) the 
truth table. 


These equations may be proved by reference to the definition of the anp 
operation, to a truth table, or to the behavior of the ann circuits discussed 
above. Also, by using Eqs. (9-14), (9-16), and (9-6) it can be shown that 


A+AB=A4 (9-17) 
Similarly, it follows from Eqs. (9-16), (9-13), and (9-6) that 
A+ BC =(A+ B)(A+C) (9-18) 


We shall have occasion to refer to these last. two equations later. 


9-5 THE NOT OR INVERTER CIRCUIT 


The not circuit has a single input and a single output and performs the opera- 
tion of LOGIC NEGATION in accordance with the following definition:’ The out- 
put of @ NOT circuit takes on the 1 state if and only if the input does not take on 
the 1 state. The IEEE standard to indicate a LoGic NEGATION is a small 
circle drawn at the point where a signal line joins a logic symbol. Negation 
at the input of a logic block is indicated in Fig. 9-13a and at the output in 
Fig. 9-13b. The truth table and the Boolean expression for negation are given 
in Fig. 9-13c. The equation is to be read “Y equals not A” or “Y is the 
complement of A.’’ [Sometimes a prime (') is used instead of the bar (—) to 
indicate the Nor operation.] 

A circuit which accomplishes a logic negation is called a Nor circuit, or, 
since it inverts the sense of the output with respect to the input, it is also 
known as an inverter. The output of an INVERTER is relatively more positive 


vay — vq) 
| | | | | | A NOT Y | | | | | | 
Vv(0) : vo)— : 


(a) (5) 
Fig. 9-14 (a) The input A and (b) the output Y of a nor circuit. 
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Voe = VL) 
Fig. 9-15 An INVERTER for positive logic. 


A similar circuit using a p-n-p transistor 
is used for a negative-logic Nor circuit. 


v(0) ~ Vos Vez = V(0) 


if and only if the input is relatively less positive. In a truly binary system 
only two levels V(0) and V(1) are recognized, and the output, as well as the 
input, of an inverter must operate between these two voltages. When the 
input is at V(0), the output must be at V(1), and vice versa. Ideally, then, a 
Nor circuit inverts a signal while preserving its shape and the binary levels 
between which the signal operates, as indicated in Fig. 9-14. 

The transistor circuit of Fig. 9-15 implements an inverter for positive 
logic having a 0 state of V(0) = Veg and a 1 state of V(1) = Vee. If the 
input is low, v; = V(0), then the parameters are chosen so that the Q is orF and 
hence »» = Veg = V(1). On the other hand, if the input is high, »; = V(1), 
then the circuit parameters are picked so that Q is in saturation and then 
0 = Veg = V(0), if we neglect the collector-to-emitter saturation voltage 

Ver(sat). A detailed calculation of quiescent conditions is made in the follow- 
ing example. 


An eeLeneae RRUMERE ARAMA CCISONTO NNER SCRIPTURES STOO AAL ST REESE EA CIMA EREON SOMONE: AE ORS EU ATAARAE OTOL 


EXAMPLE If the silicon transistor in Fig. 9-16 has a minimum value of hrz of 
30, find the output levels for input levels of 0 and 12 V. 


Solution For v; = V(0) = 0 the open-circuited base voltage Va is 


Vee ie aS ey 
100 + 15 


Since a bias of about 0 V is adequate to cut off a silicon emitter junction (Table 6-1, 
page 219), then Q is indeed cut off. Hence, ». = 12 V for»; = 0. 

For », = V(1) = 12 V let us verify the assumption that Q is in saturation. 
Assume for the moment that the transistor saturation voltages are zero. The 
minimum base current required for saturation is 


12 5.45 
Ie = — = 545 mA Iz) min = —— = 0.18 mA 
° 22 (Zo) 30 
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Fig. 9-16 An inverter calculation. 


From Fig. 9-16 we can find the base current. We find 


12 12 
h==080mA 1,=—% =012mA 
"15 = ** 700 = 


and 
Ig = 1, — 1, = 0.80 — 0.12 = 0.68 mA 


Since this value exceeds (73) min, Q is indeed in saturation and the drop across the 
transistor is zero, Hence, », = 0 for v; = 12 V, and the circuit has performed the 
NOT operation. 

The assumptions made in this example that Vaz(sat) = 0 and Vez(sat) = 0 
may be discarded by referring to the manufacturers’ curves. Corresponding to 
fg = 5.45 mA and Jz = 0.68 mA we can find the saturation junction voltages. 
It is usually sufficiently aecurate to use the approximate values given in Table 6-1, 
which for silicon are Vaz(sat) = 0.7 V and Vee(sat) = 0.3 V. With these values 

12 — 0.3 5.31 


toa asian “56 & e8 Sits ak 
¢ 2.2 (fs) 30 a 


Fs OT rat 1, = OF (= 12) | 
15 100 


and 
Zg =.0.75 — 0.13 = 0.62 > (5) min = 0.18 mA 


Note that the values obtained from this more exact calculation do not differ greatly 
from those obtained by assuming that the transistor in saturation is an ideal short 
circuit. 

If the input to the inverter is obtained from the output of a similar gate, 
then the input levels are V(0) = Voz(sat) = 0.8 Vand V(1) = 12 V. The corre- 
sponding output levels are 12 and 0.3 V, respectively. 


The capacitor C across R, in Fig. 9-15 is added to improve the transient 
response of the inverter. This capacitor aids in the removal of the minority- 
carrier charge stored in the base when the signal changes abruptly between 
logic states. A detailed discussion of this phenomenon, including rise time, 
fall time, and propagation delay time, is given in Chap. 20. The order of 
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magnitude of C is 100 pF, but its exact value depends upon the transistor. 


Transistor Limitations There are certain transistor characteristics as well 
as certain circuit features which must particularly be taken into account in 
designing transistor inverters, 


1. The back-bias emitter-junction voltage Vez. This voltage must not 
exceed the emitter-to-base breakdown voltage BV zs0 specified by the manu- 
facturer. For the type 2N914, BVezo = 5 V, and for the 2N1304, BV zz0 = 
25 V. However, for some (diffused-base) transistors BVzzo may be quite 
small (less than 1 V). 

2. The d-c current gain hrz. Since hrz decreases with decreasing temper- 
ature (Fig. 6-27c), the circuit must be designed so that at the lowest expected 
temperature the transistor will remain in saturation. The maximum value of 
R, is determined principally by this condition. 

3. The reverse collector saturation current Igo. Since |Iczolincreases about 
7 percent/°C (doubles every 10°C for either germanium or silicon), then we 
cannot continue to neglect the effect of Icso at high temperatures. At cutoff 
the emitter current is zero and the base current is Icgo (in a direction opposite 
to that indicated as 7, in Fig. 9-16). Let us calculate the value of J¢z0 which 
just brings the transistor to the point of cutoff. If we assume, as in Table 6-1, 
that at cutoff Vez = 0 V, then J; = 0 and the drop across the 100-K resistor is 


100 leso =12V or Teso = 0.12 mA 


The ambient temperature at which Icgq = 0.12 mA = 120 pA is the maximum 
temperature at which the inverter will operate satisfactorily. From Fig. 6-145 
we see that the 2N914 silicon transistor could be operated at temperatures 
in excess of 185°C. If a germanium transistor were under consideration 
then the peak temperature would be about 100°C (Fig. 6-14a). 


Other Inverter Gates A plate-loaded tube amplifier is also an inverter 
for positive logic, but in general there will be a large shift in the binary levels. 
However, a cathode follower may be used in cascade with a d-c amplifier in 


vl) — 1 Cc 
+ + 
v(0) 


(a) 
e vay 
ag 


Vi 
va) 
all | | 
(b) (ec) 


Fig. 9-17 (a) The input and (b) the output of (c) the transformer 
INVERTER circuit. 
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order to obtain the ideal Nor operation between two fixed levels, as indicated 
in Fig. 9-14 (Prob. 9-16). 

For pulse logic an inverting transformer may be used to perform 
the Not function. As indicated in Fig. 9-17, a d-c restorer is added to establish 
the absolute levels of the two states at the output. 


Boolean Identities From the basic definition of the Nor, anp, and oR 
connectives we can verify the following Boolean identities: 


A=A (9-19) 
A+A=1 (9-20) 
AA =0 (9-21) 
A+AB=A+B (9-22) 
9-6 THE INHIBIT OPERATION 


A not circuit preceding one terminal (V) of an AND gate acts as an INHIBITOR. 
This modified anp circuit implements the logical statement: Jf A =1,B=1, 

., M =1, then Y = 1 provided that N = 0. However, if N = 1, then the 
coincidence of A, B,... , M is inhibited, and Y = 0. Such a configuration 
is also called an anticoincidence circuit. The logical block symbol is drawn in 
Fig. 9-18a, together with its Boolean equation. The equation is to be read 
“Y equals A and Band - - - and Mand not N.” The truth table for a three- 
input AND gate with one inhibitor terminal (C) is given in Fig. 9-18b. 

A combination of the aNp circuit of Fig. 9-10b and the inverrer of Fig. 
9-16 satisfying the logic given in the truth table (Fig. 9-18) is indicated in Fig. 
9-19. If either input A or B or both are in the 0 state, V(0) = 0 V, then at 
least one of the diodes Di or D2 conducts and clamps the output to 0 V or 
Y =0. This argument verifies all items in the truth table except lines 4 and 
8. Consider now the situation where a coincidence occurs at A and B. If 
C is in the 0 state, then Q is cut off, and the output of the nor circuit is OC = 1 
(12 V). Hence, all three diodes are reverse-biased and the output rises to 


Output 


Fig. 9-18 (a) The logic block and 
Boolean expression for an AND with 
an inhibitor terminal N.  (b) The 
truth table for Y = 4BC. The 
column on the left numbers the eight 


Or Dak ww re 


possible input combinations, 


(a) (0) 
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Veo (12V) 


15K 


Vp, (2V) 


V(1)=12V 


V(0)=0V 


Fig. 9-19 A positive-logic aNp circuit with a negation 
input terminal. 


12 V, or Y = 1, which verifies line 4 of the truth table. (If A, B, Vai, and 
Vere are not all equal to the same voltage, then the output will rise to the 
smallest of these values.) Finally, consider the condition in line 8 of Fig. 9-18). 
If C is in the 1 state, then Q is driven into saturation, and the output of the 
transistor drops to 0 V (ideally). Hence, C = 0, D3 conducts, and Y = 0, . 
which indeed is the logic in the last row of the truth table. 

It is possible to have a two-input AND, one terminal of which is inhibiting. . 
This circuit satisfies the logic: ‘The output is true (1) if input A is true (1) 
provided that B is not true (0) [or equivalently, provided that B is false (0)|.”’ 
Another possible configuration is an AND with more than one inhibit terminal. 

In a dynamic system, if an inhibit pulse is to allow none of the signal 
to be transmitted through the gate, it is necessary that the inhibit pulse begin 
earlier and last longer than the signal pulses. A method of effectively stretch- 
ing the inhibit pulse is indicated in Prob. 9-17. 


9-7 THE EXCLUSIVE OR CIRCUIT 


An EXCLUSIVE oR gate obeys the definition:’ The output of a two-input EXcLU- 
SIVE OR assumes the 1 state if one and only one input assumes the 1 state. The 


Input | Output 


Fig. 9-20 (a) The IEEE standard for an 
EXCLUSIVE oR symbol and its Boolean 
expression; (b) the truth table. , 


0 
1 
1 
0 
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(a) Y=(4+B)(4B) (b) Y=AB+BA 


Fig. 9-21 Two logical blocks for the EXCLUSIVE OR (OF) gate. 


IEEE standard symbol] for an EXCLUSIVE OR is given in Fig. 9-20a and the 
truth table in Fig. 9-20b. The circuit of Sec. 9-3 is referred to as an INCLUSIVE 
or if it is desired to distinguish it from the EXCLUSIVE OR (OE). 

The above definition is equivalent to the statement: “If A = lorB = 1 
but not simultaneously, then Y = 1.” In Boolean notation, 


Y = (A + B)(AB) (9-23) 


This function is implemented in logic diagram form in Fig. 9-21a. 

A second logical statement equivalent to the definition of the ox is the 
following: “If A = 1 and B =0,orifB =1land A =0,thenY = 1.” The 
Boolean expression is 


Y=AB+BA (9-24) 


The block diagram which satisfies this logic is indicated in Fig. 9-21b. 

An EXCLUSIVE OR is employed within the arithmetic section of a com- 
puter (Sec. 9-12). Another application is as an inequality comparator, matching 
circuit, or detector because, as can be seen from the truth table, Y = 1 only if 
A # 8B. This property is used to check for the inequality of two bits. If 
bit A is not identical with bit B then an output is obtained. Equivalently, 
“If A and B are both 1 or if A and B are both 0, then no output is obtained, 
. and Y = 0.” This latter statement may be put into Boolean form as 


Y= AB+ AB (9-25) 


This equation leads to a third implementation for the or block, which is 
indicated by the logic diagram of Fig. 9-22a. An equality detector gives an 


(a) Y=(AB+AB) (b) Y=(A+B)(A+B) 


Fig. 9-22 Two additional logic diagrams for the EXCLUSIVE OR (0) gate. 
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output Z = 1 if A and B are both 1 or if A and B are both 0, and hence 
Z=Y= AB+ AB (9-26) 


where use was made of Eq. (9-19). If the output Z is desired, the negation 
in Fig. 9-22a may be omitted or an additional inverter may be cascaded with 
' the output of the ox. 

A fourth possibility for the o£ is 


Y= (A+ B)(A + B) (9-27) 


which may be verified from the definition or from the truth table. This logic 
is depicted in Fig. 9-22b. 

We have demonstrated that there often are several ways to implement 
a logical circuit. In practice one of these may be realized more advantageously 
than the others. Boolean algebra is sometimes employed for manipulating a 
logic equation so as to transform it into a form which is better from the point 
of view of implementation in hardware. In the next section we shall verify 
through the use of Boolean algebra that the four expressions given above for the 
EXCLUSIVE OR are equivalent. 


9-8 DE MORGAN’S LAWS 


' The statement “If and only if all inputs are true (1), then the output is true 
(1)” is logically equivalent to the statement ‘If at least one input is false (0), 
then the output is false (0).” In Boolean notation this equivalence is written 


ABC->--=A+B+C+4+--- (9-28) 


If we take the complement of both sides of this equation and use Eq. (9-19) 
we obtain 


ABC. =A+B+O6+--- : (9-29) 
This equation and its dual (which may be proved in a similar manner) 


A+B+C+---=ABC--- (9-30) 


are known as De Morgan’s laws. These complete the list of basic Boolean 
identities. For easy future reference, all these relationships are summarized in 
Table 9-4. 

With the aid of Boolean algebra we shall now demonstrate the equivalence 
of the four EXCLUSIVE oR circuits of the preceding section. Using Eq. (9-29) 
it is immediately clear that Eq. (9-23) is equivalent to Eq. (9-27). Now the 
latter equation can be expanded with the aid of Table 9-4 as follows: 


(A+ B)(A+ 8) = AA+BA+ AB+ BB = BA+ AB (9-31) 


Sec. 9-8 LOGIC CIRCUITS / 329 


Table 9-4 Summary of basic Boolean identities 


Fundamental laws 


OR AND NOT 
A+0=A A0 =0 A+A=1 
A+i=1 AL=A AA =0 
A+tA=A AA=A A=A 
A+tA=1 Ad =0 


Associative laws 
(A+B)4+C=A4+(B4+0C) (AB)C = A(BC) 
Commutative laws 
A+tB=B+t+A AB = BA 
Distributive law 
A(B +C) = AB+ AC 
De Morgan’s laws 
AB... =A+B+:+-A4B--.-=AB--- 
Auziliary identities 
A+AB=A A+4AB=A+B 
(A+ B)(A+C)=A+ BC 


This result shows that the excLUSIVE or of Eq. (9-24) is equivalent to that 
of Eq. (9-27). Finally, applying Eq. (9-30) to Eq. (9-25) gives 


AB + AB = (AB)(AB) (9-32) 
Using Eq. (9-29), we have 
(AB)(AB) = (A + B)(A + B) = (A + B)(A + B) (9-33) 


where use is made of the identity A = A. Comparing Eqs. (9-32) and (9-33) 
shows that the ExcLUSIVE or of Eq. (9-25) is equivalent to that of Eq. (9-27). 

With the aid of De Morgan’s law we can show that an AND circuit for 
positive logic also functions as an on gate for negative logic. Let Y be the output 


and A, B,... , N be the inputs to a positive AND so that 

Y=AB.:.--N (9-34) 
Then, by Eq. (9-29), 

Y=A+8B+--- 4+ (9-35) 


If the output and all inputs of a circuit are complemented so that a 1 becomes 
a 0 and vice versa, then positive logic. is changed to negative logic (refer to 
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Fig. 9-23 (a) An AND 
can be implemented 


A eo A e , 
D Y=AB A pb Y=A+B with oR and Nor gates. 
B _ B—d¢ (b) An or can be con- 
structed from AND and 
(a) (b) 


NOT gates. 


Fig. 9-2). Since Y and FY represent the same output terminal, A and A the 
same input terminal, etc., then the circuit which performs the positive AND 
logic in Eq. (9-34) also operates as the negative or gate of Eq. (9-35). Sim- 
ilar reasoning is used to verify that the same circuit is either a negative AND 
or & positive or, depending upon how the binary levels are defined. We veri- 
fied this result for diode logic in Sec. 9-4, but the present proof is independent 
of how the circuit is implemented. 

Tt should now be clear that it is really not necessary to use all three 
connectives, oR, AND, and Not. The or and the nor are sufficient because 
from the De Morgan law of Eq. (9-28) the anv can be obtained from the or 
and the nor, as is indicated in Fig. 9-23a. Similarly the anp and the nor 
may be chosen as the basic logic circuits, and from the De Morgan law of 
Kq. (9-30) the or may be constructed as shown in Fig. 9-23b. This figure 
makes clear once again that an or (AND) circuit negated at input and output 
performs the anv (or) logic. 


9-9 THE NAND AND NOR GATES (DTL LOGIC)? 


In Fig. 9-2la the negation before the second anv could equally well be put 
at the output of the first anp without changing the logic. Such an AND-NoT 
sequence is also present in Fig. 9-23b and in many other logic operations. 
This negated anp is called a NoT-AND or a NAND gate. The logic symbol, 
Boolean expression, and truth table for the NAND are given in Fig. 9-24. The 
NAND may be implemented by placing a transistor Nor circuit after the diode 
AND in Fig. 9-19. Such a transposition is shown in Fig. 9-25. Circuits 
involving diodes and transistors as in Fig. 9-25 are called diode-transistor logic 
(DTL) gates. 


Output 


Fig. 9-24 (a) The logic symbol and 
Boolean expression for a two-input NAND 
gate; (b) the truth table. 
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Veg (8 V) 


(6) 

Fig. 9-25 (a) A three-input positive NAND (or negative Nor) gate; (b) a 
collector clamping diode may be used to improve the characteristics of the 
output circuit. 
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EXAMPLE (a) Verify that the circuit of Fig. 9-25 is a positive NAND for the 
binary levels 0 and 12 V. Neglect source impedance and junction saturation 
voltages and diode voltages in the forward direction. Find the minimum hpzg. 
(b) If the drop across a conducting diode is 0.6 V and if the sum of source and 
diode resistances is 1 K, is a clamping diode (Fig. 9-11) required at the output of 
the aANp circuit? (c) Will the circuit operate properly if the inputs are obtained 
from the outputs of similar NAND gates? Assume silicon transistors and diodes 
and neglect collector saturation resistance and diode forward resistance. 


Solution a. If any input is at 0 V, then the junction point P of the diodes is at 
0 V because a diode conducts and clamps this point to V(0) = 0. The base 
voltage of the transistor is: then 


15 
Ve (12) (4 
Hence, Q is cut off and Y isat12V,or Y = 1. This result confirms the first three 
rows of the truth table of Fig. 9-240. 

If all inputs are at V(1) = 12 V, assume that all diodes are reverse-biased and 
that the transistor is in saturation. We shall now verify that these assumptions 
are indeed correct. If Q is in saturation, then with Vaz = 0 the voltage at P is 
(12)(43) = 6 V. Hence, with 12 V at each input all diodes are reverse-biased 
by 6 V. Since the diodes are nonconducting, then the two 15-K resistors are in 
series and the base current of Q is 


) = —1.56 V 


ae - a = 0.40 — 0.12 = 0.28 mA 
30 36100 
Since the collector current is 
12 5.45 
Ie =— = 545 mA d hrz) win = ——- = 19 
° 32 me Nd ene og 


then Q will indeed be in saturation if hrz > 19. Under these circumstances the 
output is at ground, or Y = 0. This result confirms the last row of the truth table. 
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(a) (6) (c) 
Fig. 9-26 Relating to the calculation of the base voltage of the transistor in the 
circuit of Fig. 9-25. 


6. The transistor must be oFF if at least one input is at 0. The worst case 
occurs when all diodes except one are reverse-biased, because then the voltage at P 
is a maximum. For this case the Thévenin’s equivalent from P to ground is, 
from Fig. 9-26a, a voltage of 


ax (4 ) + 0.) (72 12) = 075 + 0.56 = 18 V 


in series with a resistance of (1)(+$) = 0.94 K. The open-circuit voltage at the 
base of the transistor is, from Fig. 9-26b, 


Ve = —(12) (22) +a () = —1.65 + 1.13 = —0.52V 


This voltage is more than adequate to reverse-bias Q, and hence no clamping diode 
is required. 


c. If the inputs are high the situation is exactly as in part a. With respect 
to keeping the base node at a low voltage when there is no coincidence, the worst 
situation occurs when all but one input are high. The low input now comes from 
a transistor in saturation, and Vcz(sat) ~ 0.38 V. The open-circuit voltage at 
the base of Q is, from Fig. 9-26c, 


rox c(i) roe) =o 


which cuts off Q and Y = 1, as it should. 


Neglecting the inherent speed limitations of the transistor (Chap. 20), 
the rise time of the output, when Q is cut off, depends upon the shunt capaci- 
tance C,, and the collector resistance R,. If Vcc is increased, then for fixed 
values of C, and R,, less time is required to reach the particular voltage at 
which the next stage switches (is driven into saturation). If such an increased 
value of Vec [> V(1)] is used, then a collector clamping diode is often added as 
indicated in Fig. 9-256. This diode limits the collector voltage of Q to V(1) 
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Input | Output 


Fig. 9-27 (a) The logic symbol and b—Y 
Boolean expression for a two-input NoR gate;, 2 
{b) the truth table. 


(a) (b) 


and also prevents the following stage from being driven too heavily into satura- 
tion. Secondarily, the diode helps to reduce the time to discharge C, when Q 
is driven into saturation by providing a lower collector starting voltage. 


Anor Gate A negation following an or is called a NoT-oR or @ NoR gate. 
The logic symbol, Boolean expression, and truth table for the Nor are given 
in Fig. 9-27. A positive nor circuit is implemented in Fig. 9-28a@ by a cascade 
of a diode or and a transistor INVERTER. 

In Fig. 9-28a the base supply — Vaz may also be used as the reference volt- 
age Vz for the or, and hence Vr and R may be omitted from the circuit. Such 
a simplified configuration is indicated in Fig. 9-286 for the specific binary levels 
V(0) = 0 and V(1) = 12 V. We can readily confirm that this circuit obeys 
NOR logic. If all inputs are in the 0 state, all diodes conduct and the input 
to the inverter is 0 V. If any input is high the diode connected to this input 
conducts and all other diodes are reverse-biased. The voltage at the diode 
node P is now V(1) = 12 V. Hence, from input to point P the or function 
has been satisfied. Since from P to the output we have an inverter identical to 
that in Fig. 9-16, no further calculations are necessary to justify Nor operation. 
The direct connection from the junction of the or diodes to the external pin C 
is convenient for expanding the number of inputs by adding more diodes as 


(a) Yoo 


Fig. 9-28 (a) A positive on in cascade with a Not to form a Nor gate. (b) A 
more practical form of positive Nor (or negative NAND) gate. 
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needed. It will also turn out to be important for combining two Nov gates 
into another basic circuit (the FLIP-FLOP, described in Sec. 9-13). 

The circuits of Figs. 9-25 and 9-28 employ diode-transistor logic (TL), or 
transistor-diode logic (rpL). The NAND and Nor may also be implemented 
in configurations which do not use both diodes and transistors, as is indicated 
in Sees. 9-16 through 9-19. With the aid of De Morgan’s laws it can be shown 
that, regardless of the hardware involved, a positive NAND is also a negative 
NoR, whereas a negative NAND may equally well be considered a positive Nor. 

It is clear that a single input NAND isa Not. Also, a NAND followed by a 
NOT is an AND. In Sec. 9-8 it is pointed out that all logic can be performed 
by using only the two connectives aND and Not. Therefore, we now conclude 
that by repeated use of the NAND circuit alone, any logical function can be 
carried out. A similar argument leads equally well to the result that all logic 
can be performed by using only the Nor circuit. 


9-10 TWO LOGIC-CIRCUIT CONVERSION THEOREMS 


We have seen that a particular gating circuit may perform one or another 
function, depending on whether positive or negative logic is used. Thus a 
positive anp gate is a negative or gate, etc. Suppose, however, our interest 
is in preserving the type of logic performed by the gate (i.e., an AND gate is 
to remain an AND gate) but we wish to reverse the logic from positive to nega- 
tive or the other way around. Then the following generalization provides a 
method for achieving this modification. 


THEOREM A circuit using positive (negative) logic can be converted into a 
configuration performing the same logic function but with negative (positive) logic, 
provided that all supply voltages are reversed in polarity, the input voltage levels 
are reversed in polarity, all diodes are reversed, and all transistors are changed from 
p-n-p to n-p-n and vice versa. 


Proof Tf all voltages in a circuit are reversed, then the current in any branch is 
also reversed. If all diodes and transistors are reversed (p-n-p <= n-p-n), then a 
diode or transistor which was reverse-biased (conducting) in the original circuit 
remains reverse-biased (conducting) in the converted network. Hence, the two 
circuits perform the same logic. However, if the original level V(1) was more 
positive than V(0), then —V(1) is now more negative than —V(0) ‘and positive 
logic has been changed to negative logic. 


saat eeeueeseetenaeeemeneenetmmeneneeentaceieeenenemmee eeeeneeeneeeene semen rameter Te 


As an application of this theorem, suppose it were desired to build a 
positive NAND with the binary levels V(0) = —12 V and V(1) =0 V. Since 
the circuit of Fig. 9-280 is a negative NAND, it can be converted by the theorem 
into the configuration of Fig. 9-29, which is now a positive NAND. 
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-12V 


V(Qi)=0V 


V(O)= -12V 


Fig. 9-29 A positive NAND gate. 


The following theorem is useful in converting a logic circuit with one 
set of binary voltages to an equivalent circuit with another set of logical 
levels (in which, perhaps, neither is 0 V). 


that are grounded, and to both binary levels, then the logic function performed by 
the circuit remains unchanged. 


Proof The voltage difference between any two nodes is invariant under the above 
procedure, which is equivalent simply to shifting the zero reference of voltage. 
Hence, the same currents flow in the modified circuit under the identical logical 
conditions as in the original circuit. Clearly, the logic performed is unchanged. 


As an application of this theorem, consider a positive NAND with logic 

‘levels of —9 and +3 V. This logic is performed by the circuit of Fig. 9-29 

if the +12-V supply is changed to +15 V, the —12-V supply to —9 V, and if 
the emitter is connected to a +3-V supply. 


9-11 PACKAGING OF LOGIC CIRCUITS 


A digital computer uses a large number of switching circuits, but, as we have 
already emphasized, the variety of different types of gates is quite small. 
Hence, the fundamental circuits, which are used over and over again, are 
mounted on a number of plug-in units called logic cards. The advantage 
with respect to manufacturing, replacement, trouble shooting, convenience, 
etc., is apparent. Several manufacturers* market such logic cards, consisting 
of a glass epoxy printed-circuit board with the individual components mounted 
to the board through funnel eyelets. -Also, a number of vendors® have a line 
of micrologic gates manufactured by integrated-circuit techniques, These will 
undoubtedly replace the conventional lumped-component circuits within a 
few years. Building a digital system consists principally in interconnecting 
these packages to perform the desired logic. A card or integrated-circuit 
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3 AND gates OR INVERTER 
NOR 


Fig. 9-30 A two-level AND-NoR (Aol) package. 


package might consist of ten 2-input NAND gates, or eight nor circuits (invert- 
‘ing amplifiers), or three 5-input or gates, etc. 

Often the logical design calls for an AND followed by an or or vice versa. 
Such a configuration is known as two-level logic. One of the most useful logic 
packages!° for a large-scale computer is the AND-OR-INVERT (AOI) or AND-NOR 
configuration. If a two-input AND is fed to terminal A of Fig. 9-28), a three- 
input AND to terminal B, and a four-input aNp to the third terminal (through 
a diode) we obtain the aot circuit of Fig. 9-30. The number of inputs, called 
the fan-in of each AND, is not critical and neither is the number of anp clusters 
which feed the or gate. In this illustration the fan-in for the or circuit is 3. 
The number of outputs from a logic circuit is called the fan-out. Figure 9-30 
indicates a fan-out of 4, so that this aor block may feed four other logic circuits. 
For the particular inputs indicated the logic is 


Y = AB+ CDE + FGHI (9-36) 
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We shall now proceed to verify the above logic. If at least one input to 
each AND is at 0, then the corresponding anv diodes conduct and the output of 
each AND is 0. All junction voltages are neglected for the conducting devices. 
The or diodes in series with these outputs conduct, the transistor is cut off 
by —1.56 V at the base, and the output is V(1) = 12 V (refer to the NaND 
calculation in Sec. 9-9). If all inputs in one anv (say A and B) are excited to 
V(1), then D4 and Dz are reverse-biased and P; rises toward +12 V. Hence 
D1 conducts more heavily, and Q goes into saturation with a base current of 
0.28 mA. The output of the or, point P’, is at 6 V, and since the inputs to 
D2 and D3 are zero, these diodes are reverse-biased. Since Y = V(0) = OV, 
then the circuit has functioned as a simple two-input NAND. 

Consider the case where a coincidence occurs simultaneously in more than 
one AND. For example, let us assume that all inputs are at the high level 
V(i) = 12 V. Then all anp diodes are reverse-biased, all or diodes are 
forward-biased, and Q is in saturation, as we shall now prove. If the anp 
diodes were cut off, then P1, P2, and P; would rise toward 12 V and D1, D2, 
and D3 would conduct. Under these circumstances the three resistors R are 
in parallel, as are also the three or diodes, and the equivalent circuit is that 
given in Fig. 9-31. The base current is now 


12 12 
Ig = 5+ 15 —_ 100 _ 0.48 mA 

_This is an increase over 0.28 mA which was obtained when there was a coinci- 
dence at only one aNnp gate. Since the smaller value was sufficient to drive Q 
into saturation (provided that hr exceeded 19), then certainly Q is now also in 
saturation. Note that the voltage at P (P:, P2, or Ps) is (12)($$) = 9 V, 
whereas the voltage at each input is 12 V. All input diodes are reverse- 
biased by 3 V, thus verifying our original assumption. 

In summary, the aor circuit behaves like independent NaNp circuits 
with no interaction of one AND upon the other, because the or gate acts as 


Fig. 9-31 The equivalent circuit of Fig. 9-30 when there is a 
simultaneous coincidence at all inputs. The point P 
represents either P,, P2, or Ps since these three nodes are 
at the same potential. 
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a buffer. However, the larger the number of ANp circuits which are excited 
simultaneously, the further into saturation is the transistor driven. 

The aor function or any other logic block may be implemented in many 
ways besides using diode-transistor logic. The most frequently used alterna- 
tive configurations are discussed in Sees. 9-16 through 9-19. We shall first, 
however, show how these logic blocks may be combined to perform arithmet- 
ical or control functions. 


9-12 BINARY ADDITION?.42 


A digital computer must obviously contain circuits which will perform arith- 
metic operations, ie., addition, subtraction, multiplication, and division. The 
basic operations are addition and subtraction, since multiplication is essen- 
tially repeated addition, and division is essentially repeated subtraction. It is 
entirely possible to build a computer in which an adder-subtractor is the only 
arithmetic unit present. Multiplication, for example, may then be performed 
by programming; that is, the computer may be given instructions telling it 
how to use the adder repeatedly to find the product of two numbers. 

Suppose we wish to sum two numbers in decimal arithmetic and obtain, 
say, the hundreds digit. We must add together not only the hundreds digit 
of each number but also a carry from the tens digit (if one exists). Similarly 
in binary arithmetic we must add not only the digit of like significance of the 
two numbers to be summed but also the carry bit (should one be present) 
of the next lower significant digit. This operation may be carried out in two 
steps: first, add the two bits corresponding to the 2* digit, and then add the 
resultant to the carry from the 2‘! bit. A two-input adder is called a half 
adder, because to complete an addition requires two such half adders. 

We shall first show how a half adder-subtractor is constructed from the 
basic logic gates and then indicate how the full or complete adder-subtractor 
is assembled. A half adder-subtractor has two inputs—A and B—represent- 
ing the bits to be added, and three outputs—D (for the digit of the same 
significance as A and B represent), C (for the carry bit), and P (for the borrow 
bit). In a half adder D and C are used, while in a half subtractor D and P 
are used. 

The symbol for a half adder-subtractor is given in Fig. 9-32a and the 
truth table in Fig. 9-32b. Note that the D column gives the sum of A and B 


Output 


Fig. 9-32 (a) The symbol for a half adder- 
subtractor; (b) the truth table for the digit 
(D), carry (C), and borrow (P). 


(a) (0) 
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EXCLUSIVE OR 


Fig. 9-33 Block diagram of a half adder-subtractor. 


as long as the sum can be represented by a single digit. When, however, 
the sum is larger than can be represented by a single digit, then D gives the 
digit in the result which is of the same significance as the individual digits 
being added. Thus, in the first three rows of the truth table D gives the sum 
of A and B directly. Since the decimal equation “1 plus 1 equals 2” is writ- 
ten in binary form as “01 plus 01 equals 10,” then in the last row D = 0. 
Because a 1 must now be carried to the place of next higher significance, C = 1. 
Finally, where subtraction of B from A is contemplated, the P (borrow) 
column gives the digit which must be borrowed from the place of next higher 
significance when B is larger than A, as in the second row of Fig. 9-32. 

From Fig. 9-326 we see that D obeys the EXCLUSIVE-OR (of) function, 
C follows the logic of an anv gate, and P obeys the logic ““B and not A.” 
Figure 9-33 shows a configuration which satisfies this half adder-subtractor logic 
based upon the o£ circuit of Fig. 9-21b. Any of the other implementations 
given in Sec. 9-7 for the oz may be used in the half adder-subtractor. A half 
adder constructed by using only nor circuits is given in Prob. 9-36. 


Parallel Operation Two multidigit numbers may be added serially (one 
column at a time) or in parallel (all columns simultaneously). Consider 
parallel operation first. For an n-digit binary number there are (in addition to 
a common ground) n signal leads in the computer for each number. The kth 
line for number A (or B) is excited by A; (or B,), the bit for the 2* digit (k = 0, 
1, ...,). A parallel binary adder is indicated in Fig. 9-34. Each digit 
except the least-significant one (2°) requires a complete adder consisting of 
two half adders in cascade. The sum digit for the 2° bit is S, = D, of a half 
adder because there is no carry to be added to A, plus B.. Thesum & (k # 0) 
of A; plus B, is made in two steps. First the digit D, is obtained from one half 
adder, and then D, is summed with the carry Cy_1 which may have resulted 
from the next lower place. As an example, consider k = 2 in Fig. 9-34. 
There the carry bit C; may be the result of the direct sum of A, plus B, if 
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Fig. 9-34 A parallel binary adder consisting of half adders. 


each of these is 1. This first carry is called Ci. in Fig. 9-34. A second possi- 
bility is that A, = 1 and B, = 0 (or vice versa), so that D, = 1, but that 
there is a carry C, from the next lower significant bit. The sum of Di =1 
and C, = 1 gives rise to the carry bit designated C12, It should be clear 
that Ci and Cy: cannot both be 1, although they will both be 0 if A: = 
and B, = 0. Since either Ci: or C12 must be transmitted to the next stage, an 
or gate must be interposed between stages, as indicated in Fig. 9-34. This 
circuit is equally effective for subtraction, provided that the borrow bit P is 
used in place of the carry C. 


Binary Decimal 


2° 2 2? 23 24 
(a) | | | | | =O110T-13 = A 
(b) [ [1 [] =01011=1=B 


kro 


(c) | | | | = 11000 = 24 = Sum 
(d) | | =Q00010= 2 = Difference 


Time —>~- 


Fig. 9-35 (a,b) Pulse waveforms representing numbers A 
and B; (c, d) waveforms representing sum and difference. 
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Fig. 9-36 A serial binary 
adder consisting of two 
half adders. 


Serial Operation In a serial adder the inputs A and B are synchronous 
pulse trains on two lines in the computer. Figure 9-35a and b show typical 
pulse trains representing, respectively, the decimal numbers 13 and 11. 
Pulse trains representing the sum (24) and difference (2) are shown in Fig. 
9-35¢ and d, respectively. A serial adder is a device which will take as inputs 
the two waveforms of Fig. 9-35a and b and deliver the output waveform in Fig. 
9-35c. Similarly, a subtractor will yield the output shown in Fig. 9-35d. 

We have already emphasized that the sum of two multidigit numbers 
may be formed by adding to the sum of the digits of like significance the carry 
(if any) which may have resulted from the next lower place. With respect 
to the pulse trains of Fig. 9-35, the above statement is equivalent to saying 
that, at any instant of time, we must add (in binary form) to the pulses A 
and B the carry pulse (if any) which comes from the resultant formed one 
period T earlier. The carry pulse may arise from the direct sum of two digits 
(each 1) or from the addition of digits 1 and 0 anda carry 1 from the preceding 
interval. The logic outlined above is performed by the full adder circuit of 
Fig. 9-36, which consists essentially of two half adders in cascade. This . 
circuit differs from the configuration in the parallel adder of Fig. 9-34 by the 
inclusion of an electromagnetic delay line. The time delay TD of this line is 
equal to the time 7’ between pulses. Hence, the carry pulse (from either 
of the two sources mentioned above) is delayed a time T and added to the 
digit pulses in A and B, exactly as it should be. 


Flow Chart It is instructive to construct the “flow chart” in Fig. 9-37 for 
the addition of two binary numbers A and B, in either the parallel method 


Fig. 9-37 Relating to a full adder consist- 
ing of two half adders. The arrows show 
the origin of the carry bit C. The bits 
correspond to those in Fig. 9-35 and the 
symbols to those in Fig. 9-36. 
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Fig. 9-38 Truth table for a three-input adder. 


rPeRrPRrRPOOoOOl|m 
KF Omoror 3/10 
FOoOororro!]mM 


0 
0 
0 
1 
0 
1 
1 
1 


of Fig. 9-34 or the serial arrangement of Fig. 9-36. In applying the table to 
the parallel method of Fig. 9-34 it is to be kept in mind that Ci, in Fig. 9-34 
corresponds to C1 in Fig. $-36 and Cis corresponds to C2, That is, in the 
double subscript attached to the C’s in Fig. 9-34 the first indicates the sig- 
nificance of the digit and the second indicates whether the carry comes from 
the first or second half adder. The illustration is taken for numbers A and B 
pictured in Fig. 9-35. In any particular case the chart is filled out as follows: 
A and B are the given numbers. D and C; are obtained from the truth 
table of Fig. 9-32b for the addition of two single-digit numbers. Then C is 
obtained from C, by shifting each 1 to the next higher significant place, as 
indicated by the downward arrows in the table. Now, remembering that 
D and C are the inputs to a half adder, we obtain the outputs S and C; follow- 
ing the rules of Fig. 9-32b. We must, however, start with the right-hand 
column (2°) and work toward the left. Each time C2: = 1 this bit is shifted 
into C, as indicated by the upward arrows. Note that in this particular 
example two of the carries come from C1 (corresponding to A = B = 1) 
and two from C, (corresponding to the addition of 1, 0, and a carry 1 from the 
next lower place). From the chart of Fig. 9-37 we can construct the wave- 
forms existing at the input or output of any block in Fig. 9-36. 
’ A comparison of Figs. 9-34 and 9-36 indicates that parallel addition is 
faster than serial because all digits are added simultaneously in the former 
but in sequence in the latter. However, whereas only one full adder is needed 
for serial arithmetic we must use a full adder for each bit in parallel addition 
(except the 2° bit, which requires a half adder). Hence, parallel addition is 
much more expensive than serial operation. 


The Three-input Adder It is possible to construct a complete adder with- 
out the use of half adders. The circuit has three inputs: A, B, and the carry C. 
A truth table for such an adder is given in Fig. 9-38. The output carry Cina 
serial system is delayed one synchronizing interval T and then becomes the 
input carry C. From the truth table we can verify that the Boolean expres- 
sions for the sum S and the carry C’ are given by 


S = ABC + ABC + ABC + ABC (9-37) 
Cc’ = ABC + ABC + ABC + ABC (9-38) 
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By algebraic manipulation these expressions may be transformed into a’ 
number of different forms. In particular it turns out that 


S=(A+B+0C)(C’) + ABC (9-39) 
C’ = AB+ BC+CA (9-40) 


These expressions can also be verified from the truth table. The three-input 
adder is considered in Prob. 9-37. 


9-13 REGISTERS 


In addition to the AnD, or, and nor logic gates a fourth important basic 
circuit, called the ri1p-ruop, is required in many digital systems. A FLIP-FLOP 
consists of two Nort circuits interconnected in the manner shown in Fig. 9-39a. 
Each nor could be, for example, the transistor INVERTER of Fig. 9-15. The 
FLIP-FLOP configuration is studied in detail in Chap. 10. For the present 
we are interested only in certain external characteristics which are relevant 
in digital systems. The most important property of the FLIP-FLOP is that, on 
account of the interconnection, the circuit may persist indefinitely in a state 
in which one device (say Q1) is on while the other (Q2) isorr. A second stable 
state of the Friip-rLop is one in which the roles of the two devices are inter-. 
changed so that Q) is orr and Q2 is on. Since the riip-FLor has two stable 
states it may be used to store one bit of information. For these reasons the 
FLIP-FLOP is also called a BINARY. 
An output, designated as Y in Fig. 9-39, may be taken from a collector. 
This output may take on two voltage levels, corresponding to either Y = 1 or 
Y=0. If we designate the output at the other collector as Y, then the 


(a) (d) {c) 


Q2 


Fig. 9-39 (a) A FLIP-FLOP assembled from two Nor circuits; (b or c) the logic 
symbol. An input to 7 effectively applies excitation to S and R 
simultaneously. 
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FLIp-FLoP has two stable states, one in which Y = 1 and Y = 0 and the other 
in which Y = Oand Y = 1. The existence of these stable states is consistent 
with the interconnection shown in Fig. 9-39a. For example, if the output 
Y of one not circuit is 1 then so also is the input Az to the second nor circuit. 
The second inveRTER then has the state 0 at its output Y and at the input A, 
to the first gate. This result is consistent with our original assumption that 
the first Nor gate had a 1 at its output. It is readily verified that the situ- 
ation in which both outputs are in the same state is not consistent with the 
interconnection. 

A FLIP-FLOP is represented in block form as in Fig. 9-396 or c, where 
three input terminals are indicated—S (set), R (reset), and T (trigger). The 
points of connection of these terminals are not shown in Fig. 9-39a but are 
described in the next chapter (Fig. 10-14). An excitation of the set input 
causes the FLip-FLOP to establish itself in the state Y = 1. If the binary is 
already in that state the excitation has no effect. A signal at the reset input 
causes the FLir-FLop to establish itself in the state Y = 0. If the binary is 
already in that state the excitation has no effect. The waveform of the input 
signal (a pulse, a step, etc.), auxiliary circuits through which the excitation is 
applied to the binary, and related matters are discussed in the next chapter. 

A triggering signal applied to the T input causes the FrLir-FrLop to change 
its state regardless of the existing state of the binary. Thus each successive 
excitation applied to 7 causes a transfer, and 7’ is referred to as the toggle or 

_complementing input. This type of excitation is called symmetrical triggering 
(Sec. 10-9) and is used in binary counters (Chap. 18) and in other applications. 
Unsymmetrical triggering (Sec. 10-7) through the S or R input is most useful in 
logic applications, as we demonstrate below. 


A One-word Memory Suppose that it is required to carry out the 
addition of two numbers which are stored in the main computer memory. 
Now, ordinarily, it will not be possible to abstract both numbers from the 
memory simultaneously. Since in the adders of the preceding section both 
numbers are applied simultaneously, it will generally be required that at 
least one of the numbers be stored, temporarily, in a one-word memory device. 
Similarly, it may not be feasible to return the arithmetic-unit output immedi- 
ately to the main memory. In this case, again, a one-word memory**” or 
storage device, which is called a register, is needed. 

A set of n flip-flop circuits may clearly be used to store an n-digit binary 
number, since we have but to set the states of the binaries at 0 or 1, depending 
on the value of the digit which the riip-rLor is to represent. The binary 
number may appear in serial form as a train of pulses, and one method for 
inserting the number into the register is as shown in Fig. 9-40. The input 
pulse train is applied to a delay line which is tapped at time-delay intervals TD 
equal to the basic pulse separation time (a one-bit delay 7’). Hence, at the 
moment the last pulse (2%) of the train appears at the input of the delay line, 
the earlier pulses will appear at the delay-line taps. If, at this moment, the 
register line is pulsed, then the ANp circuits will transmit to each binary the 
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Register or 
write-in pulse 


Fig. 9-40 A register for converting a 4-bit code from serial to parallel form. 
The time delay TD equals the interval between bits. 


pulse (or lack of pulse) at the corresponding delay-time taps. The output 
of each AND circuit is coupled to the set input of a FLIP-FLOP so that the aND- 
circuit pulse (if one is present) will leave the corresponding binary in state 1. 
Thus, the 2° bit is registered in FF3, the 2? bit in FF2, etc. The register 
may be cleared by a pulse on the reset line. This pulse will cause each binary 
to remain in or return to state 0. The circuit of Fig. 9-40 is a serial-to-parailel 
converter, since each bit of information in a pulse train is now available in a 
separate FLIP-FLOP. A temporal code (a time arrangement of bits) has been 
changed to a spatial code (information stored in a static memory). 

Consider that the outputs of successive binaries are coupled through 
a second set of AND circuits to corresponding points of an additional delay 
line which is a duplicate of the input line. Then the reset. pulse, which is also 
applied to the second set of ann circuits, will not only clear the register but 
also establish on this output line the initial temporal arrangement of the pulses. 
Hence, the clearing operation will also regenerate the original pulse train. 
Here, then, is a parallel-to-serial converter—or a spatial-to-temporal converter— 
since each bit of information stored statically in individual Friip-FLoPs has 
been converted into a pulse train on a single line. 

The process outlined in the preceding paragraph is called destructive ar 
out because the information is removed from the register when the pulse train 
is formed. Consider now that one input of the anp circuit is again excited 
by the d-c level of a ruip-riop in the register and that the second input is a 
pulse from an external source. If this pulse is not used to reset the register, 
then nondestructive readout is possible; that is, a pulse-train output is obtained 
while retaining the digital information in the register. An alternative form of 
coincidence gate having a binary input and a pulse input is given in Sec. 17-2. 


A Shift Register For low repetition frequencies (say below 200 kHz) the 
time delay TD (> 5 wsee) may require an impractically long delay line. A 
circuit which avoids this difficulty (and also has other favorable character- 
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2° 2! 2? 2° 
Input 
| |_| Z i | (b) 
b-T t 
! 
Shift | 
pulses _| (c) 


Fig. 9-41 (a) A shift register. The time delay A is very much smaller than 
the interval between pulses. (b) A typical input pulse train. (c) The 
shift-pulse waveform. 


istics) is indicated in Fig. 9-41a; it is called a shift register. The input con- 
sists again of the train of pulses which is to be stored in the register. The 
reset or shift pulse line is excited now, not by a single pulse, but rather by a 
continuous train of pulses (Fig. 9-41c) which are timed to occur nominally 
midway between the pulses of the input number. The delay sections have a 
delay A much smaller than the time interval between pulses and are required 
to ensure that an individual binary shall not receive a triggering signal simul- 
taneously from the shift line and from a preceding Fuip-FLoP. The shift 
pulses always drive the binaries to state 0. The coupling between binaries is 
such that a succeeding FLIP-FLOP will respond only if the preceding binary 
goes from state 1 to state 0. The pulse which results from this transition will 
drive the succeeding FLIP-FLOP to state 1. 

Now suppose we want to register the number 1011. The pulse pattern 
is as indicated in Fig. 9-41b. The first pulse (2°) drives FF3 to state 1. The 
shift pulse now returns FF3 to 0, and a short time later (depending on the 
delay A) Fuir-FrLop FF2 is driven to state 1 by the pulse received from the 
previous binary. The first digit (2°), which was initially registered in FF3, 
has been shifted to FF2, and FF3 has been cleared (returned to 0) so that it 
may now register the next pulse (2'!). We may now easily follow the procedure 
from this point and see that, by this process of registering and sh‘fting to make 
room for the next pulse, the input number will eventually become installed 
in the register. Of course, the shift pulses must cease at the moment the 
number has been registered. 

This register may be read in parallel (each FLIP-FLOP output going to a 
separate line), if desired, and hence the shift register is also a serial-to-parallel 
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converter. Or we may take the output at Y of FFO in Fig. 9-41 and obtain 
a pulse train. To read the register serially in this fashion it will be necessary 
to apply four shift pulses. In response to these shift pulses the original 
character will appear at the output Y of FFO. Note that the shift-out rate 
may be greater or smaller than the original pulse repetition rate. Hence, here 
is a method for effectively changing the spacing of a pulse sequence, a process 
referred to as buffering. 

Assume that a binary number is stored in a shift register, with the least- 
significant bit stored in FFO. Now apply one shift pulse. Each bit then 
moves to the next lower significant place and hence is divided by 2. The 
number now held in the register is half the original number, provided that 
FFO was originally 0. Since the 2° bit is lost in the shift to the right, then 
if FFO was originally in the 1 state, corresponding to the decimal number 1. 
after the shift the register is in error by the decimal number 0.5. If the 
circuit is wired so that each shift pulse causes a shift to the left, then each bit 
moves to the next higher significant place and the number stored is multiplied 
by 2. A computer uses shift registers in this way for performing the multipli- 
cation of two binary numbers. 

A shift register may function as a digital delay device. Thus, the input 
pulse train appears at the output of an n-stage register delayed by a time 
equal to 7, + (n — 1)T, where T is the interval between shift pulses and 7, 
is the time between the first bit and the first shift pulse (Fig. 9-41). 

An important application of a shift register is as a character generator.1* 
The FLIP-FLOPs may be preset individually with push-button switches at S and 
R to give the desired code (the pattern of 1’s and 0’s making up the desired 
character). Then a pulse generator is used to apply shift pulses and the out- 
put of the shift register gives the temporal pattern corresponding to the 
character. For test purposes it is often important that the code be repeated 
continuously. This mode of operation is easily obtained by feeding the output 
of the register back into the input to form a “reentrant shift register.” Such 
an arrangement is called a dynamic or circulating memory. 


9-14 DYNAMIC REGISTERS 


If a pulse train already available in a computer is to be stored, then a more 
economical form of dynamic memory is obtained by replacing the shift register 
of the preceding section with a delay line. The word (pulse train) is introduced 
at one end of the delay line, whose time delay TD is equal to the time duration 
for the word, and the output signal is returned to the delay-line input so that 
the word continues to circulate around a closed path. A dynamic register 
of this type is indicated in Fig. 9-42. Synchronization between the circulating 
pulse train and the pulses in other parts of the computer is required since-the 
word may take many trips around the circuit, and if the total loop delay is even 
slightly incorrect a large error may accumulate. Therefore means are usually 
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Fig. 9-42 A dynamic register using a delay line whose time delay 7'D equals 
a word length. The clock pulses are used for synchronization. 


provided"? (but this circuit is not shown in Fig. 9-42) to ensure the synchroniza- 
tion and also to reshape the pulses which suffer attenuation and distortion in 
each round trip. 

The pulse train circulates and reappears continuously at the output. 
The register may be read (nondestructively) by exciting the read lead of the 
output AND circuit by a number of pulses equal to the digits in one word. 
_The register may be cleared by exciting the erase lead of the inhibitor in the 
circulation path. Note that to erase an n-digit word, n consecutive erase 
pulses are required, which pulses coincide with the clock pulses. Alternatively, 
a single erase pulse may be used whose duration is sufficient to encompass the 
entire word. _ 

In order to represent a 10-digit number in the decimal system, 34 binary 
bits are required. If the clock-pulse repetition rate is 2 MHz, then one 
word will require 17 psec. If the total storage capacity of the computer is 
1,000 words, then a single delay line 17 msec long could supply all the storage. 
However, a prohibitively long waiting time would then be required before a 
word is available. As a compromise between speed and equipment some 
50 lines, each 20 words (or 340 usec) long, might be used. The attenuation of 
electrical delay lines (about 6 dB/usec delay at a frequency of a few mega- 
cycles per second) is excessive for the present application. An improvement 
results if the block marked T'D in Fig. 9-42 is an acoustical delay line. The 
pulse train representing a word is used to modulate a carrier frequency of 
30 MHz. These 30-MHz pulses in turn drive a quartz-crystal transducer 
which generates waves.in a mercury column. A receiving crystal at the other 
end of the line detects the pulses after they have traveled down the column. 

Many different memory systems,'? besides the mercury line, are now in 
use or have been suggested for future computers. These memory devices 
include a magnetic-core matrix, solid acoustical lines, magnetostrictive delay . 
lines, magnetic drums, and others. 

The dynamic-register circuit of Fig. 9-42 suggests an interesting special 
case. Suppose that the input were to consist of a single pulse instead of a 
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pulse train and that the total circuital delay were adjusted to be equal to the 
time interval between pulses. In this case the circuit could exist in either of 
two possible states, i.e., a state 0 in which there is no circulating pulse or a 
state 1 in which there is a circulating pulse. This one-digit (or one-bit) 
dynamic storage circuit then shares the basic digital property of a binary and 
is called a dynamic FLIP-FLOP. 


9-15 DIODE MATRICES OR CODE-OPERATED SWITCHES?.4:14 


As noted earlier, in a digital computer, instructions as well as numbers are 
conveyed by means of binary levels or pulse trains. If, say, 4 bits of a char- 
acter are set aside to convey instructions, then 16 different instructions are 
possible. This information is coded in binary form. There arises frequently 
a need for a multiposition switch, also called a translational network, which 
may be operated in accordance with this code. In other words, for each of 
the 16 codes, one and only one line is to be excited. This process of identifying 
a particular code is called decoding. 

Consider that the codes are stored in a 4-bit register. The four FLIP- 
FLops, the 16 output lines, and a decoding network made up of diodes is. indi- 
cated in Fig. 9-43. Because of the schematic arrangement of wires into (16) 


12V0 


Fig. 9-43 A 16-position code-operated switch (lines 3 through 12 are not 
indicated), 
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Fig. 9-44 Decoding lines 2 and 13 of a 16-position switch. If 
the AND gate uses diodes, then this circuit is identical with that 
of Fig. 9-43. An external signal X2 will be gated onto control 
line Y2 by code 0010. 


rows and (8) columns this array is called a rectangular diode matrix. Assume 
that the binary outputs are Y = 0 V for binary 0 and Y = 12 V for binary 1. 
If a FLIP-FLOP is set (storing a 1) then the right-hand output is at 12 V, but if it. 
stores a 0 then the left-hand output is at 12 V. The left-hand output Y is, of 
course, the complement of the right-hand output Y. Let us now connor 
that the diodes are correctly positioned to perform the desired decoding. 
Consider, for example, line 13. Note that the diodes are’ connected to the 
code 1101, which is the binary equivalent of the decimal number 13. For this 
1101 code all the cathodes to the diodes are at 12 V and the output on line 13 
rises to 12 V. In other words, this line is excited—it is a binary 1. For any 
other code, at least one of the diodes connected to line 13 is at 0 V and the. 
output is clamped to0V. The reader should confirm that all the diodes follow 
this logical pattern. For example, line 2 is excited if and only if the code. 
corresponds to the binary representation of decimal 2, namely, 0010. 

It should be clear that the decoder is simply a dibde AND gate and that 
an equivalent representation for Fig. 9-43 is given in Fig. 9-44. Only the- 
AND gates for channels 2 and 13 are indicated but, of course, there are a total. 
of 16 four-input AND gates. If only the first 10 lines are used, namely those 
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labeled 0, 1, 2, ..., 9, then this translational network converts from a 
binary-coded decimal (scp) to a decimal number. 

If in the diode matrix of Fig. 9-43 n flip-flops are used, the number of 
switch combinations, instructions, or positions available will be 2”, and in this 
case (n)(2") diodes will be required in a rectangular array. For example, a 
256-position switch will require 2,048 diodes. It turns out!4 that where the 
number of switch positions is 16 or more, it is possible to rearrange the network 
into other than a rectangular array, with an attendant saving in diodes. For 
example, the most economical 256-position switch requires only 608 diodes, 
against 2,048 for the rectangular array. The effect of the finite back resistance 
of semiconductor diodes used in a multiposition switch is considered in Ref. 14. 


Decoder Applications Suppose that for a specific code (say 1101) it 
is desired that a signal X.; (in the form of a pulse train) appear on line Ys. 
This is accomplished, as indicated in Fig. 9-44, by adding a fifth input X13 
and a fifth diode to the anp gate which controls output Y13. 

In the above application each code can, of course, control a different 
signal X; on the kth line. If instead of this parallel operation it is desired that 
all signals appear serially on one line—but each signal in response to its own 
control code—then the outputs Y, in Fig. 9-44 are applied to an or circuit. 
This configuration is an example of two-level aAND-or logic. An alternative, 
slightly simpler arrangement, but one which has the disadvantage that it 
does not use standard logic packages, is indicated in Fig. 9-45. 

The decoder circuit may also be used as an electronic distributor or 
commutator. Suppose that in Fig. 9-43 the binaries are coupled together 
in such a way that they may be pulsed from one code to the next in succession: 
0000, 0001, 0010, . . . , 1111, 0000, 0001, etc. (such an arrangement is called 


Fig. 9-45 A code-operated switch used for direct gating of 
four signals onto the same line. 
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(a) (b) 


Fig. 9-46 Anencoder. The diode matrix in (b) follows the logic 
in (a). 


a scale-of-16 counter and is discussed in Sec. 18-1). The circuit will then com- 
mutate from one channel to the next at the occurrence of each input pulse. 


The Encoding Process The decoding process is one in which a binary 
code establishes the state 1 on one (and only one) of a number of output lines. ° 
For example, in Fig. 9-43 the code stored in the form of riip-FLops selects any 
one of 16 channels. The inverse process is called encoding. In this process 
‘ there are a number of input lines and a code is generated depending on which 
of the input channels is in the binary state 1. For example, consider the situa- 
tion in which there are three inputs and the code is to have four binary digits. 
Such a situation is represented in the table of Fig. 9-46a. This table is to be 
interpreted to mean that if A = 1 then 


Y, =] Y, = 1 Y3 = 1 Y, =0 ete. 
Clearly, the or connective is invoked here at each output line because 
Y,=A+C Y,=A Y,;=A+Bt+C Y,=B+C 


The diode matrix for this encoder is indicated in Fig. 9-46b. 

A binary-coded decimal (pcp) encoder which converts the decimal num- 
bers 0, 1, 2, .. . , 9 into the binary code is indicated in Fig. 9-47. Note, 
for example, that since it is necessary to excite the 2? channel for any decimal 
number whose binary code contains 22, then or diodes will be connected to this 
line from switches 4, 5, 6, and 7. For permanent storage the set terminal S 
of a flip-flop would be connected to each output channel. The reset terminal 
R would be excited from the 0 line. 

Finally, the problem of converting one code into another is a combination 
of the two situations treated above. The first code is decoded as in Fig. 9-43 
and then encoded as in Fig. 9-46. 
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Fig. 9-47 An encoding matrix to 
transform a decimal number into a 
binary code (BcD), 


9-16 RESISTOR-TRANSISTOR LOGIC? (RTL AND RCTL) 


In addition to the logic configurations we have already considered—diode 
logic, diode-transistor logic, and emitter-follower logic—there are several other 
possible systems.'* We shall now show how the Nor (NAND) gate may be 
implemented in some of these other configurations. 

If in the pri circuit of Fig. 9-28b we omit the diodes and fan in through 
15-K resistors, as in Fig. 9-48, then we have the resistor-transistor logic NOR 
gate, RTL (or transistor-resistor logic, TRL). 


Fig. 9-48 Resistor-transistor VQ@)=12V 
Positive Nor (negative NAND) logic 
gate. 

V0)=0V 
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EXAMPLE Verify that the rrt circuit of Fig. 9-48 obeys nor logic. Neglect 
junction voltages and source resistance. 


Solution If all inputs are in the zero-voltage state, then the base is connected 
through the three 15-K resistances in parallel, or through 5 K to ground. The 
open-circuit base voltage is 


: 5 
Ve = —(12)(—]) = —0.57 V 
? a2) 2) 
which is sufficient to reverse-bias Q. Hence, the output is at 12 V, or Y = 1. 
Assume that with one input in the 1 state, Q isin saturation. The equivalent 
circuit is indicated in Fig. 9-49a. The base current is 


Since the collector current is Ic = 12/2.2 = 5.5 mA, then Q is indeed in saturation 
if hrz > 5.5/0.68 = 8. 

If more than one input is excited, then the transistor is driven further into 
saturation. For example, if all three inputs are in state 1, then, from Fig. 9-49}, 


Hence, if hrs > 8 and if one or more inputs are at 12 V, the output is at Vcx(sat), 
or Y = 0, and nor logic has been performed. 
qe eens tenernneneeeninennnsectnennnesatcnnenmeenantetteinntiitnetentatitneentt 


The rtx gate has a relatively slow transient response, particularly if all 


inputs are excited so that the transistor is driven heavily into saturation. By 
using capacitors across the input resistors the minority-carrier storage time 
(Sec. 20-21) can be reduced. Such a configuration is indicated in Fig. 9-50 
and is called resistor-capacitor-transistor logic (RcTL). The disadvantage of 
this circuit is that it is susceptible to high-frequency noise (spikes), which 
passes from the input to the transistor base through a capacitor. There is also 
cross talk between input channels because of the capacitors. We have already 


100K 


~12Vve (b) -12V 


(a) 


Fig. 9-49 An example of an RTL NoR gate. (a) Two inputs 
are low (0 V) and one input is high (12 V); (b) all three 
inputs are high. 
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Fan-in of 3 


Fan-out of 4 


-12V 


Fig. 9-50 A positive NoR RCTL gate with a clamped output. 


noted that in ptt this difficulty is minimized because of the isolation between 
inputs afforded by the diodes. 

The clamping diode indicated in Fig. 9-50 serves several purposes. As 
already emphasized, it improves the switching speed (Sec. 9-9). It also 
: stabilizes the output voltage level since it makes it independent of the loading 
(Sec. 8-13). Finally, if this circuit drives similar rt. gates, then the current 
to saturate the following transistors becomes independent of the fan-out, 
provided that a diode clamp is used and so long as the loading is not so heavy 
that the clamp diode stops conducting. 

In any logic configuration the number N of inputs is called the fan-in, and 
the number M of outputs is called the fan-out. For example, in Fig. 9-50, 
N =3andM = 4. Inthe case of resistor-transistor logic the maximum value 
of N is determined by the condition that, when all the inputs are in the 0 state, 
’ the transistor Q must remain oFF even at the highest operating temperature. 
The maximum value of M is determined by the condition that, when Q is OFF, 
all M of the following stages must be driven into saturation even at the lowest 
temperature. 


9-17 DIRECT-COUPLED TRANSISTOR LOGIC (DCTL)?*®18 


Consider the positive Nor circuit of Fig. 9-51, consisting of the three CE tran- 
sistors Q1, Q2, and Q3 with collectors tied together. The fan-in is obviously 3 
and the fan-out is 2 sincé the output feeds the two transistors Q4 and Q5. 
The input to Q1 comes directly from the output Y’ of a previous Nor. Since 
no resistors, capacitors, or diodes are used between stages, such a system is 
called direct-coupled transistor logic (DCTL). 
To verify that the circuit implements Nor logic, consider first that all 
inputs are in the 0 state. Because this low voltage to an input (say to Q1) 
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Preceding stage NOR Fan-out 


Fig. 9-51 A positive Nor pcTL gate. 


comes from a saturated transistor (Q’) of a preceding state, 
n= Vor(sat) = V(0) 


Since this voltage is, say, 0.25 V for a heavily saturated silicon transistor, 
and since the cutin voltage V, ~ 0.5 V, Q1 will conduct very little (although 
theoretically it is not at cutoff, which requires approximately zero bias). Since 
the current in Q1 is almost zero, the output Y is at Vee and Q4 and Q5 are in 
saturation. Hence the output Y is clamped at 


Ver(sat) = V(1) = 0.7 V 


for silicon. Thus, with all inputs in the low state the output is in the high 
state. 

Consider now that at least one input v; is in the high state. Since Q1 
is fed from Q’, Q’ is cut off and Q1 is driven into saturation. Under these 
circumstances the output Y is Vce(sat) = V(O). If more than one input is 
excited, then the output will certainly be low. Hence, we have confirmed 
that the Nor function is satisfied. 

There are a number of difficulties with pcrt. The reverse saturation 
current for all fan-in transistors adds in the common collector-circuit resistor 
R.. At high enough temperatures the total IczoR. drop may be large enough 
so that the output Y is too low to drive the fan-out transistors into saturation. 
Further, because of the direct connection, the base current is almost equal 
to the collector current [for Vec > Vcz(sat) and Voc > Vanr(sat)]. With a 
transistor so heavily driven into saturation, very large stored base charge will 
result, with a corresponding detrimental effect on the switching speed. Since 
the voltage levels are so low—the total output-voltage step is only of the order 
of 0.5 V for silicon and 0.25 V for germanium—then spurious (noise) spikes 
can be troublesome. The bases of the fan-out transistors are connected 
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together. Since the input characteristics can never be identical] let us assume 
that Q4 has a much lower Vaz for a given Ig than does Q5. Under these 
circumstances, Q4 will “hog” most of the base current, and it is possible that 
Q5 may not even be driven into saturation. Hence, transistors suitable for 
pDcTL must have very close control on uniformity of input characteristics, very 
low values of Icso, a8 large a differential as possible between Vaz(sat) and 
Ver(sat), a large hrz, and a small storage time. 

The advantages of pcru are: (1) the need for only one low-voltage sup- 
ply (operation with 1.5 V is possible), (2) transistors with low breakdown 
voltages may be used, (3) the power dissipation is low, and (4) this configu- 
ration is advantageous for integrated-circuit manufacture because transistors 
are cheaper to fabricate with integrated techniques'® than are resistors or 
capacitors. 

We shall conclude this section with a few random observations. In 
DCTL @ NOR or NAND circuit is possible in which the fan-in transistors are in 
series rather than in parallel as in Fig. 9-51 (Prob. 9-43). The pcTL FLIP-FLOP 
is discussed in Sec. 10-10. There is no counterpart to pcTu using tubes, 
because the grid of one stage cannot be directly connected to the plate of the 
preceding triode without drawing excessive grid current. 

Finally, the pcri circuit may be modified in order to circumvent some 
of the above disadvantages. The variability of Vsz(sat)—the current-hogging 
difficulty—may be minimized by including a resistor R, in series with the base. 
With this addition the base current depends primarily on Vec, R., and Ri 
as long as Vcc >> Vag(sat). To reduce storage time, 2; should be bypassed 
with a capacitor. A further modification consists in returning the base through 
aresistor M2 to a reverse-biasing source. Such a connection makes the opera- 
tion of the circuit less sensitive to variations in Vc2e(sat) and ensures cutoff in 
the transistor which is supposed to be reverse-biased. If these modifications 
are made each transistor takes the form of the INVERTER of Fig. 9-15. Several 
inverters, with collectors connected together, can therefore function as a NOR 
circuit. This configuration—it might be called transistor or tube logic (TL)— 
is seldom used because it is more expensive than TRL or DL. 


9-18 LOW-LEVEL LOGIC?15 (DTL AND TTL) 


The prt circuit of Fig. 9-25 may be modified by replacing the 2iCi combina- 
tion by one or more silicon diodes D1, as indicated in Fig. 9-52. When at least 
one input is at V(0) = Vex(sat) ~ 0.3 V, the voltage at P is the sum of V(0) 
and the diode voltage Vp ~ 0.6 V. At a coincidence the voltage at P rises 
to equal the sum of Vp; (= 0.6 V for one diode, 1.2 V for two series diodes, 
etc.) plus Vgz(sat) ~ 0.7 V. Since the swing at point P required to drive the 
transistor from cutoff to saturation is of the order of 1 V, this configuration is 
called low-level logic (Liu). It is also referred to as current-switching diode logic 
(cspL) because the current in a diode D connected to an input in the V (0) state 
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= Yep 


(a) (0) 


‘Fig. 9-52 A positive-NAND low-level-logic (LLL) gate. (a) A DTL gate 
(two or three diodes in series may be used for D1; also, Vzz may be 
ground); (b) a TTL gate. 


is switched through D1 into the base of the transistor whenever all inputs are 
excited to the V(1) state. 

Since, as mentioned above, only a low voltage swing is required, then’ 
the output may be clamped at, say, 3 V. As already emphasized, such 
clamped operation means improved switching speed. In order to make the 
circuit less susceptible to noise voltages, more than one diode may be con- 
nected in series for D1. Of course, the required voltage swing is then increased 
by the drop across these extra diodes. It is also possible to return the base 
terminal to the emitter through R2 and thus eliminate the Veg supply. This 
simplification means that the transistor will not be theoretically cut off, but 
will operate with Vzz ~ 0 and hence the collector current will be very small. 
Even in this cutoff condition the noise immunity is excellent because the series 
diodes are reverse-biased. 

The diodes D and D1 of Fig. 9-52a may be replaced by the base-to-emitter 
diode and the base-to-collector diodes, respectively, of a transistor.!5 This 
all-transistor configuration is especially simple if integrated-circuit techniques 
are used because it is then not difficult to fabricate a multiemitter transistor.!” 
(See Fig. 17-31 for constructional details.) A one-power-supply version of this 
transistor-transistor logic gate (rTL) is given in Fig. 9-52b. Jt is capable of high 
speed at low power levels but may be noisier than pTwL. 


9-19 CURRENT—MODE LOGIC (CML OR ECTL)*1518 


In order to eliminate minority-carrier storage time, a transistor must not be 
allowed to go into saturation. In Sec. 7-9 the nonsaturating emitter-coupled 
. clipper circuit of Fig. 7-14b is discussed. It is found that the emitter current 
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Fig. 9-53 A positive NoR ECTL gate. 


remains essentially constant and that this current is switched from one transis- 
tor to the other as the input signal varies from below to above the reference 
voltage —Vpz. By adding several input transistors in parallel this circuit 
becomes the current-mode logic (cML) or emitter-coupled transistor logic (ECTL) 
of Fig. 9-53. Complementary outputs are available. A positive Nor results 
when the output is Y and a positive or is obtained at the Y terminal. One 
of the difficulties with this configuration is that the V(O) and V(1) levels in 
the output differ from those in the input. Hence, avalanche diodes and 
emitter followers must be used in the output to provide the proper d-c level 
shift. The possible higher speed obtainable with ecru is offset by the increased 
power dissipation and the increased component count. 


9-20 COMPARISON OF LOGIC CIRCUITS!519 


’ In the discussion of each logic configuration some of its advantages and dis- 
advantages have been listed. An exhaustive comparison is extremely difficult 
because we must take into account all of the following characteristics: (1) 
speed (propagation time delay), (2) noise immunity, (3) fan-in and fan-out 
capabilities, (4) power-supply requirements, (5) power density when packaged, 
(6) suitability for integrated fabrication, (7) reliability, (8) maintainability, 
and (9) cost. Also to be considered is the personal prejudice of the engineer, 
who is always strongly influenced by past experience. 

It should be clear that there can be no single logic configuration best suited 
for all applications. Different manufacturers!® have available in integrated 
form the types of logic discussed above, there being no decided preference for 
one type over the other. On the other hand, however, the manufacturers of 
logic cards using lumped components (with operating repetition rates of up 
to a few megacycles per second) seem to favor pTL. 
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BISTABLE 
MULTIVIBRATORS 


A bistable circuit is one which can exist indefinitely in either of two 
stable states and which can be induced to make an abrupt transition 
from one state to the other by means of external excitation. In this 
chapter we consider two-stage regenerative amplifiers which behave as 
bistable circuits. Such interconnected amplifier pairs are known by a 
wide variety of names, such as bistable multivibrator (multit), Eccles- 
Jordan circuit (after the inventors), trigger circuit, scale-of-2 toggle 
circuit, flip-flop,t and binary. A bistable multi is used for the perform- 
ance of many digital operations such as counting and the storing of 
binary information. The circuit also finds extensive application in the 
generation and processing of pulse-type waveforms. 


10-1 THE STABLE STATES OF A BINARY 


The circuit diagram of a flip-flop is shown in Fig. 10-1. The active 
devices Al and A2 are either tubes or transistors, so that the input X 
is either the grid of a tube or the base of a transistor, the output Y is 
either the plate of a tube or the collector of a transistor, and Z is 
either a cathode or an emitter. The indicated supply-voltage polari- 
ties are proper for an n-p-n transistor or for a tube and must be reversed 
if a p-n-p transistor binary is under consideration. Note that the 
output of each amplifier is direct-coupled to the input of the other 
amplifier (inverter). Compare with Fig. 9-39. 
Because of the symmetry of the circuit we might expect the 


t+ The jargon terms “multi” and “flip-flop”’ are firmly entrenched in the 
8 
literature. 
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Fig. 10-1 A binary circuit. If the 
active devices are tubes, then 

Vyy = Ver, Vxx = Vee, and 

R, = R,. If the devices are tran- 
sistors, then Vyy = Voc, Vxx = Vas, 
ond R, = R.. 


. quiescent currents in each amplifier to be the same. Such would indeed 
. be the case if both devices were biased negatively enough to be cut off or 
if both were biased so positively as to be in clamp (if tubes) or in saturation 
(if transistors). These extreme cases turn out to be of little practical interest. ° 
. Let ug investigate whether or not it is possible for both devices also to operate 
normally (within the grid base, if tubes, or within the active region, if transis- 
tors) and simultaneously to carry equal currents. In such a circumstance 
it is possible to find currents J, = I, which are consistent with the device 
characteristics and with Kirchhoff’s laws, and hence such a state of the binary 
is an equilibrium state. This state, however, is one of unstable equilibrium, 
as may be seen from the following considerations. 

Suppose that there should be a minute fluctuation in the current J;. If 
I, increases, the voltage at the output Y, will decrease. This will then decrease 
the voltage at the input X2. This change in voltage at X:2 will be amplified 
and inverted by A2 and the output voltage at Y. will increase. Hence the 
voltage at X, will become more positive, and as a consequence the current J, 
will increase still further. This cycle of events repeats itself. The current J; 
continues to increase and the current J, continues to decrease, the circuit 
moving progressively further away from its initial condition. This action 
takes place because of the regenerative feedback incorporated into the circuit 
and will occur only if the loop gain of the circuit is larger than unity. ; 

From the above discussion it is clear that a stable state of a binary is one 
in which the currents and voltages satisfy Kirchhoff’s laws and are consistent 
with the device characteristics and in which, in addition, the condition is 
satisfied that the loop gain is less than unity. The condition with respect 
to the loop gain will certainly be satisfied if either of the two devices is below 
cutoff or if either device is in clamp or in saturation.t In principle, in order 
that a flip-flop be in a stable state, it would be sufficient either that one of the 
devices be orr or that one be on. 

For practical reasons, to be discussed now, the arrangement almost 
invariably employed is one in which one of the devices is orr and the other 


f A tube in clamp or a transistor in saturation will henceforth be designated as a device 
which is on, whereas an orr device is one biased below cutoff. 
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is on. Consider, for example, that one amplifier is below cutoff and the other 
is biased in its active region. As the temperature changes or the devices 
age and the device parameters vary, the quiescent point changes and the out- 
put voltage may change appreciably. Even more serious is the possibility 
that a larger drift may cause the device that was assumed to be operating 
in its active region to be driven below cutoff. In such a case both devices 
in the binary would be below cutoff and the circuit would be useless. 

In practice, we should like to be able to assemble these flip-flops using 
components which are held to a tolerance no better than about 10 percent. 
And we should like to feel confident that the binary will continue to operate 
as the devices age or are replaced and despite reasonable variations in supply 
voltages and ambient temperature. For these reasons the flip-flop is usually 
adjusted so that in a stable state one device is well below cutoff while the other 
is well in clamp or in saturation. 


10-2 A VACUUM-TUBE BINARY 


In the flip-flop of Fig. 10-2 the component values and supply voltages indicated 
are typical for use with the medium-» vacuum triode such as the type 5965. 
The useful signal at the plate, called the output or the plate swing V,., is the 
voltage change corresponding to a transition from one stable state to the other. 
Since the fraction of the plate swing which is coupled across to the opposite grid 
depends only on the ratio of the resistances Ri and R:, these resistances are 
usually made large enough compared with the external plate-circuit resistance 
R, 80 as to avoid loading the amplifier output excessively. The plate swing 
for a given tube is determined by Vpp and R,. Since the plate characteristic 
for Vg = 0 can be approximated by a straight line through the origin with a 
slope given by the plate resistance r,, then for Rp = rp, Vi ~ Vpp/2. If Rp 
is very much larger than r,, then the plate swing may approach the full plate 
supply voltage. However, too large a value of R, adversely affects the maxi- 
mum speed with which the flip-flop may be made to operate (Sec. 10-5). 


© Vop (250 V) 


Fig. 10-2 A typical vacuum-tube 
binary circuit. The values in 
parentheses refer to the example 
on page 365. 


d- Veg (~150V) 
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Fig. 10-3 The circuit of Fig. 10-2 redrawn to indicate the connections 
between (a) the plate of V2 and the grid of V1 and (b) the plate of V1 
and the grid of V2. 


Hence, F, is usually chosen to be of the order of r, (tens of kilohms), whereas 
the magnitudes of Ri and R2 are hundreds or thousands of kilohms. 

The procedure for calculating the circuit currents and voltages in a stable 
state is particularly simple if we take advantage of the fact that Ri and R. - 
are large in comparison with R, and large also in comparison with the grid-to- 
cathode resistance re. In such a case the tube which is in clamp will be 
tightly clamped, and we shall not make a serious error if we consider that the 
grid-to-cathode voltage is zero. Furthermore, in such a case the current in 
the conducting tube may be considered to be identical to the current through 
its resistor R,. A typical calculation is given in the following illustrative 
example. 


EXAMPLE Compute the stable-state currents and voltages for the binary circuit 
of Fig. 10-2. The triodes are the two sections of a type 5965 vacuum tube (Fig. 
D-9). 


Solution The analysis is clarified if we draw two circuits, Fig. 10-3a—showing 
the connections between the plate of V2 and the grid of Vi—and Fig. 10-3b— 
indicating the connections between the plate of V1 and the grid of V2. Let us 
assume that V1 is cut off and V2 is in clamp with a grid-to-cathode voltage equal 
to zero and then verify that these assumptions are valid. 

To find the plate voltage at V2, we neglect the loading of Ri and R2 and draw 
a load line corresponding to 47 K and 256 V on the plate characteristics of the 
tube. The plate current and voltage for Vez = 0 are found to be Vp2 = 33 V and 
I, = 4.6 mA. 

We must now check to see whether or not V1 is indeed cut off when V2 is in 
clamp. The grid voltage of V1 is calculated from the equivalent circuit of Fig. 
10-3a. The voltage Vai is calculated by superposition to be 

270 220 


Vo S93 2 i) ea ea 
e 220 + 270 * ) 330 + 270 
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The plate voltage Vp, of V1 is calculated from Fig. 10-3b with Vez = 0. We find 
Vr, = 250 X 220/(220 + 47) = 206 V. Since, at a plate-to-cathode voltage of 
206 V, cutoff occurs at —8 V (Fig. D-9), V1 is well below cutoff. Note that the 
voltage at the plate of the orr tube is not equal to the supply Vpp (= 250 V) 
because of the loading of the divider Ry. 

We must now check to see whether V2 is in clamp when V1 is cut off. If 
the grid of V2 were not drawing grid current, then, from the equivalent circuit 
drawn in Fig. 10-36, the voltage Vez would be 

270 220 + 47 

Vor = 250 555 270 4 a7 t ‘15 2004 b70 + 47 
This 50 V is applied to the grid of V2 from a source whose Thévenin’s equivalent 
impedance is equal to the parallel combination of Ry + Rpand Rz This equivalent 
impedance is 134 K. If.we calculate the grid voltage by considering that the grid- 
to-cathode resistance is rg = 250 @ (Sec. 6-19), we have 


Vez = 50 Ze 0.10 V 
134 


= 50V 


This same result can be obtained by multiplying the short-circuit current by 
the impedance from G2 to ground. Thus 


250 150 
Ver = (= ~—)0.25 = 0.10 V 
2 (= =) 


Hence V2 is indeed in clamp, and we have made only a very small error in assuming 
that the grid-to-cathode voltage is zero. Actually, as we know from the discussion 
of Sec. 6-19, Vg2 may well be some tens of millivolts negative. Similarly, if the 
loading of 2, and R; is taken into account by drawing the Thévenin’s equivalent 
from the plate of V2 to ground, the value of V p2 is found to be 32 V instead of 33 V. 
These errors may well be smaller than the error involved in applying the average 
tube characteristics to a particular tube. To summarize, in the stable state we 
have approximately 


I, =OmA Vr. = 206 V Vo = —49 V 
I, =46mA Ver = 33 V Va. =O0V 
The output swing is V,, = 206 — 33 = 173 V. 


The binary has two stable states. In one state V1 is cut off and V2 is in 
clamp. In the second state V2 is cut off and V1 is in clamp. The principal 
importance of the flip-flop results from the fact that it is possible, by a variety 
of means, to transfer the binary from one stable state to the other. Suppose, 
for example, that the grid of the orr tube were momentarily shorted to ground. 
This orF tube would go on and in so doing would turn oFF the tube that was 
initially on. This condition would again persist permanently even after the 
short circuit is removed. This means of transferring conduction, however, is 
not ordinarily useful. More practically useful methods will be considered 
later. 
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In most applications the transistor flip-flop is displacing the vacuum-tube 
binary. Hence, the emphasis in the remainder of this chapter will be on the 
semiconductor bistable circuit. , 


10-3 A FIXED-BIAS TRANSISTOR BINARY 


A fixed-bias flip-flop using n-p-n transistors is indicated in Fig. 10-4. Nearly 
the full supply voltage Vc¢ will appear across the transistor that is orr. The 
condition that the supply voltage be reasonably smaller than the transistor 
collector breakdown voltage BVce (Sec. 6-9) will usually restrict Vcc to the 
order of several tens of volts. This supply voltage is to be compared with the 
several hundred volts used with vacuum tubes. 

Under saturation conditions the collector current I¢ is a maximum. 
Hence, #, must be chosen so that this value of Ic (~ Vec/R.) does not exceed 
the maximum permissible current. The values of Ri, Ro, and Ves must be 
selected so that in one state the base current is large enough to drive the 
transistor into saturation whereas in the second state the emitter junction 
must be below cutoff. The signal at a collector, called the output swing Vu, 
is the change in collector voltage resulting from a transition from one state 
to the other, or V, = Voi — Veo. If the loading of R, can be neglected, then 
the collector voltage of the orF transistor is Vee. Since the collector saturation 
voltage is a few tenths of a volt, then the swing V,, = Vcc independently of R.. 

Manufacturers of switching transistors useful in flip-flop circuits usually ° 
specify the cutoff and saturation characteristics. The reverse saturation 
current I¢go is given as a function of temperature (Sec. 6-8, Fig. 6-14). The 
d-c CE current transfer ratio hrz is specified as a function of collector current 
Te (Sec. 6-12, Fig. 6-23). The saturation voltage Ver(sat) is given as a func- 
tion of I¢ and base current Ig (Sec. 6-12, Fig. 6-22). Also, Vzx(sat) versus 
Ic and Ig is specified (Sec. 6-13, Fig. 6-26). The temperature dependence of 
the saturation parameters is often indicated (Fig. 6-27). We shall demon- 
strate by the solution of illustrative problems and by subsequent discussions 


Voo (12 V) 


Fig. 10-4 A fixed-bias 
n-p-n transistor binary. 
The valves in parentheses 
refer to the example on 
page 368. 
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that these parameters [Iczo, hrz, Vce(sat), and Vgz(sat)] are sufficient to allow 
an analysis of transistor binary circuits. 


EXAMPLE Calculate the stable-state currents and voltages for the flip-flop 
circuit of Fig. 10-4, consisting of two cross-coupled INVERTER circuits whose 
parameter values are those given in Fig. 9-16. Assume that the transistors have 
a minimum hres value of 20. 


Solution The analysis is carried out by drawing two circuits—Fig. 10-5a, showing 
the connections between the base of Q1 and the collector of Q2, and Fig. 10-5), 
indicating the connection between the collector of Q1 and the base of Q2. These 
equivalent circuits are analogous to those in Fig. 10-3 for the vacuum-tube binary. 
Assume that transistor Q1 is orF and transistor Q2 is on. Since the saturation 
voltages are small (a few tenths of a volt), let us initially neglect them altogether 
and assume that Vs: = Oand Vez = 0. From Fig. 10-5a we can verify that, with 
Q2 in saturation, Q1 is orF. Thus, if we neglect J¢zo, 


Viel! ~1.56 V 
15 + 100 


Since a back bias of only about 0.1 V (Ge) or 0 V (Si) is required to cut off an 
emitter junction (Table 6-1, page 219), Q1 is indeed oFr. 

To verify that with Q1 beyond cutoff, Q2 is in saturation, we first calculate 
Ico. From Fig. 10-5a, and continuing to neglect Iczo, 


fo 25a ak Toe 0 ak 
2.2 15 + 100 


and 
Ie. = q, v= Ty = 5.45 = 0.10 = §.35 mA 


(In this illustration 7, is negligible compared with J,, but in many binary designs 
such is not the case.) If the transistor type had been specified, then the minimum 
base current Is2 required for a collector saturation current of 5.35 mA could have 


(a) -12V 


Fig. 10-5 Equivalent circuits for computing the stable states of the binary 
circuit with the parameters given in Fig. 10-4. 
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been read from the collector characteristic curves. Since in this example hrz was 
specified but no curves were supplied, we may use the alternative procedure of 
finding the minimum Js. for saturation from 


(In2) min = fon, 085 Oar A 
20 


hrz 
From Fig. 10-55 we can find the base current of Q2. Thus 


he 2070 ma i= = itm 
2.2 +15 100 


and 
Ie. = I; — I, = 0.70 — 0.12 = 0.58 mA 


Since this value exceeds the minimum base current (0.27 mA) required for satura- 
tion, we have verified that Q2 is indeed in saturation. 
The collector voltage of Q1 is, from Fig. 10-58, 


Vor = 12 — 2.213 = 12 — (2.2)(0.70) = 10.5 V 


In summary, a stable state of the binary is characterized by the following voltages 
and currents: 


Tey =0OmA Ie. = 5.35 mA Is: =OmA Igo = 0.58 mA 
Voi = 10.5 V Vor OV Vai = —1.56V Ven ~ OV 


The second stable state is one in which Q2 is orr and Q1 is ON and the above cur- . 
rents and voltages are interchanged between Q1 and Q2. The output swing is 
Ve:i ~ Vez = 10.5 V, which approaches the collector supply voltage of 12 V. 

The assumptions (that Vex = 0 and Vc2 = 0) made in this example may be 
removed by referring to the manufacturer’s curves. For example, if the transistors 
are silicon type 2N914, then corresponding to Jz: = 0.58 mA and Ic: = 5.85 mA 
(Ie2o/In2 = 9.2) we find Vers(sat) = 0.15 V from Fig. 6-22 and Vzr:(sat) = 0.7 V 
from Fig. 6-26. Using these voltages we can recalculate the stable-state currents 
and voltages. For example, from Fig. 10-5a¢ with Vcz = 0.15 V, using the super- 
position principle, 


15 100 
Var = —12 { ——__— 0.15 { ———_ ] = -143 V 10-1 
a Gs ae =a) ye (5 we 7) ae 

and Q1 is orr. From Fig. 10-5a we also find 

12 — 0.15 0.15 + 12 
I, = ——— =65. A I, = ——— =0.ll mA 10-2 
: 22 bean * 15 + 100 we) 
5.28 

Tee =. q = Ie = 5.28 mA (Zp2) min = 20 = 0.26 mA (10-3) 


From Fig..10-5b, with Vax = 0.7 V, 


= : 12 
es 0.66 mA y= Ores 


epetmeneeaeas = 0.13 mA (10-4) 
2.2 +15 100 
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and Ise = I; — I, = 0.53 mA. | Since this value of Is: exceeds 


(Ip) min = 0.26 mA 
Q2ison. Since Ve. = 12 — (0.66)(2.2) = 10.5 V, the new values of a stable 


state are 
Icey = OMA Teg = 5.28 mA Ia; =OmA Igo = 0.53 mA 
Ve = 10.5 Vv Veo = 0.15 Vv Var = — 1.43 Vv Var = 0.7 Vv 


If these new values of Jc¢2 and Is: are used in Figs. 6-26 and 6-22, we again find 
Vez2(sat) = 0.7 V and Ver2(sat) = 0.15 V, so that no further calculations are 
required. 


We note by comparing the two sets of values obtained above that a 
small error results from assuming that a transistor in saturation behaves 
as an ideal short circuit. Often this error can be neglected, particularly if the 
applied voltages are large compared with the junction voltages. 

In the calculations given above of the stable states of a flip-flop we 
neglected initially the voltages across the saturated transistor. Thereafter, 
on the basis of the results of this initial calculation, we determined the transis- 
tor voltages and made an improved calculation. We may arrive at our end 
result more expeditiously if we recognize that over a wide range of operating 

‘ conditions of low- and medium-power transistors, the saturation voltages are 
fairly closely approximated by the values in Table 6-1 (page 219). 

The peak emitter-junction breakdown voltage BV gzo and the variations 
of hrz and Icao with temperature must be taken into account in designing 
transistor flip-flops. These limitations are discussed in detail on page 324 in 
connection with the transistor inverter. 


Loading The binary may be used to drive other circuits, and hence at one 
or both collectors there are shunting loads which are not indicated in Fig. 10-4. 
These loads must be taken into account because they reduce the magnitude 
of the collector voltage Vc of the orr transistor. The first effect of the 
loading is to give a reduced output swing. More importantly, however, is 
the fact that a reduced V¢, will decrease J 2 and it is possible that Q2 may not 
be driven into saturation. Hence the flip-flop circuit components must be 
chosen so that under the heaviest load which the binary drives, one transistor 
remains in saturation while the other is cut off. 

Since the resistor R; also loads the orF transistor, we should like to use 
a value of R, which is large compared with R.. However, to ensure a loop 
gain in excess of unity during the transition between states the inequality 
R, < hyeR. must be satisfied (Prob. 10-6). 

For some applications (in computers) the loading varies with the operation 
(the “‘Iogic’’) being performed. For such a circuit, the extent to which a 
transistor is driven into saturation is variable. A constant output swing 
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Tocireuit to 
be driven 


To circuit to 
be driven 


Fig. 10-6 The binary of Fig. 10-4 with collector catching 
diodes D1 and D2 added. 


V. ~ V and a constant base saturation current J72 can be obtained by clamp- 
ing the collectors to an auxiliary voltage V < Veg through the diodes D1 
and D2, as indicated in Fig. 10-6. As Q1 cuts off, its collector voltage rises, 
and when it reaches V, the “collector catching diode” D1 (Sec. 8-13) con- 
ducts and clamps the output to V (except for the small drop in the diode). 
The effect of loading must be taken into account with a -vacuum-tube flip-flop 
as well as with a transistor binary. 


10-4 A SELF-BIASED TRANSISTOR BINARY 


The need for the negative power supply in Fig. 10-4 may be eliminated by using 
a common emitter resistor R, to provide self-bias, as in Fig. 10-7. The 


Fig. 10-7 A self-biased p-n-p tran- 
sistor binary. The numerical values 
refer to the example on page 372. 
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procedure for calculating the stable states is, in principle, the same as is 
employed for a fixed-bias flip-flop and is given in the following illustrative 
example. 


(a) 


sya SHON Dre sab SOME SEAPUASE DENY OOH aon ME AERA AAA CONC gon PATEE FASE aE A HUEOEE ANEMONE PMMA 


EXAMPLE Calculate the stable-state currents and voltages for the binary circuit 
of Fig. 10-7, which uses p-n-p germanium transistors. Find the minimum value of 
hex which will keep the on transistor in saturation. 


Solution Assume that Q1 is cut off and Q2 is in saturation. The connections 
between the base of Q1 and the collector of Q2 are indicated in Fig. 10-84, whereas 
the connections from the base of Q2 to the collector of Q1 are given in Fig. 10-8). 
In order to proceed further we must find the voltage Vew from the emitter to the 
ground N. Since Vew = (a2 + Ic2)R, we must find the saturation currents from 


Fig. 10-8 The circuit of Fig. 10-7 redrawn to indicate the connections 
between (a) the base of Q1 and the collector of Q2 and (b) the 
base of Q2 and the collector of QI. 
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Fig. 10-9 The equivalent circuit 
when Q2 in Fig. 10-7 isin saturation. 


the equivalent circuit for Q2 given in Fig. 10-9. In this diagram we have replaced 
the collector circuit of Q2 in Fig. 10-8a by its Thévenin’s voltage 


—Vec(R: + R:) _ (—12)(30 + 10) a) 


= -10.9V 10-5 

Rit R.+ R, 30 ++ 10+ 4 ( ) 
and its Thévenin’s resistance 

Re(Ri + Rx) _ (440) _ sax (10-6) 


Rit Ro+R, 44 


Similarly, the Thévenin’s equivalent of the base circuit. of Q2 is obtained from 
Fig. 10-85 as a voltage 


—VecoR2  _ (—12)(10) - 


= —2.73 V 10-7 
Ri+Rk.+ Rk, 44 (3 ( ) 
in series with a resistance 


Ri+Rk.+ Rk, 44 


Hence the equivalent circuit of Q2 is as drawn in Fig. 10-9. Since a germanium 
transistor is under consideration we shall assume, as in Table 6-1 (page 219), that 
Vaz(sat) ~ —0.3 V and Ves(sat) ~ —0.1V. The KVL equations are 


2.73 — 0.8 + In2(7.73 + 0.5) + I¢2(0.5) = 0 (10-9) 
and 
10.9 — 0.1 + 152(0.5) + I¢2(3.64 + 0.5) = 0 (10-10) 


Solving, we find Is: = —0.138 mA and Ico = —2.59 mA. Hence 


hre) min = —— = ———— = 18.8 
ire) Ts: —0.138 
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The voltages in the circuit are now found from Fig. 10-8 and b: 
Ven = (ee + Ica)R, = (0.138 — 2.59)(0.5) = —1.86 V 

Vows = Vee2 + Vew = —0.1 — 1.36 = —1.46V 

Vanz = Vere + Ven = —0.3 — 1.36 = —1.66V 


R. 10 
Veni = V = (-1.46) |— } = —0.87 V 
BN1 cnt et Rs ( ) (2) 


Vern = Vaewi — Ven = —0.37 + 1.36 = +0.99 V 


A positive value of Vaz of only about 0.1 V is required to cut off a p-n-p transistor. 
Hence Q1 is certainly oFF. 
From Fig. 10-88, 


—VecR, Vane. =. (—12)(30) + (—1.66)(4) = —10.8V (10-11) 
R.+Ri Ro+ hi 34 34 


Vem = 


In summary, the stable state has the following values: 
Fat 0s Teo = —2.59mA Is, =OmA In. = —0.14mA 
Vow = —10.8V Vewz = —1.46V Van = —0.37 V 
Van2 = —1.66V Vew = —1.36V 
The output swing is Ve = Vows — Vow = —1.46 + 10.8 = 9.3 V. 


nv nn aaa seamed neernnenaneaiaianeneen 


In the above example we assumed values for Vaz(sat) and Vcxz(sat) of 
—0.3 and —0.1 V, respectively, and calculated Ic2 and Ig: of —2.58 and 
—0.14 mA, respectively. Using these values of current we can find from the 
manufacturer’s saturation curves new values of Vcz(sat) and Vgs(sat) and 
can then repeat the above calculations. Since we must work with average 
transistor characteristics and with resistors known to about 10 percent and 
since the voltage levels in a flip-flop need seldom be known with precision, 
then a second approximation is seldom warranted. 

The drop across the emitter resistor R, is nominally the same for the two 
stable states. However, during the course of a transition, the emitter current 
Ig will vary by AI. In order to keep the emitter voltage Vz almost con- 
stant during the transition time 7'r, a capacitor C, is used to bypass R.. 
The order of magnitude of C, is given by the condition that the change in 
voltage across this capacitor is small compared with Ven, or (Alz) Tr/C.K Ven. 
The stable states are, of course, not affected by the presence of C,, but the ease 
of inducing a transition between states and the rapidity with which the flip-flop 
settles into its new state may be adversely influenced if the capacitor is omitted. 

A self-biased multi using vacuum tubes and having a circuit configuration 
analogous to that of the transistor flip-flop of Fig. 10-7 (but using a positive 
supply voltage) is also possible (Prob. 10-12). For the on tube the grid-to- 
cathode voltage is taken as zero and the plate-to-cathode voltage is found by 
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drawing the load line corresponding to R, + R;, on the plate characteristics 
(neglecting the voltage drop across -R;, due to grid current and assuming 
R,+ k.> R,). 


10-5 COMMUTATING CAPACITORS 


A flip-flop will remain in one of its stable states indefinitely until it is induced 
to make a transition as the result of a “triggering” signal, such as a pulse, 
applied from some external source. There are many applications of flip-flops 
in which it is desired to have a change of state take place as soon after the 
application of an abrupt triggering signal as possible. The transition time is 
defined as the interval during which conduction transfers from one transistor (or 
tube) to the other. The transition time may be reduced by introducing small 
capacitances in shunt with the coupling resistors R, of the binary. A flip-flop 
with such capacitors included is shown in Fig. 10-10. Because these capacitors 
assist the binary in making abrupt transitions between states, they are known 
as commutating, transpose, or speed-up capacitors. The usefulness of these 
capacitors will be seen in the following discussion. To be specific let us assume 
that the active devices are tubes or n-p-n transistors. 

Let us consider that A2 is on and A1 is orr and that, to induce’ a transi- 
tion, a negative step is applied at X2. The point Y, will rise rapidly, and we 
desire that this rapid rise be transmitted with minimum delay to X1. The 
device Al has an input capacitance C,, and in the absence of Ci, the circuit 
configuration consisting of R,, R:, and C; constitutes precisely the uncompen- 
sated attenuator discussed in Sec, 2-8. Even if the voltage at Y», rises with 
negligible rise time, the voltage at X1 would increase with a time constant RC;, 
where F is the parallel combination of Ri and R;. The speed with which X, 
rises may be increased by the addition of the capacitor C, in shunt with Ri. 
If the capacitor C, were arbitrarily large, then the waveform at X 1 would rise 
as rapidly as does the waveform at Y, and the full amplitude of the rapid rise 


Fig. 10-10 A binary including 
speed-up capacitors (Ci = C1). 
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would be transmitted through the capacitor. We shall now see, however, that 
there is also some disadvantage in using a capacitance C, of large value. 

The voltages across C and C; are not alike because one stage is on and 
the other orr. For example, for the circuit of Fig. 10-4, the voltage across 
Cis Ver — Veo = 9.8 V and the voltage across C1 is Voz — Vai = 1.58 V 
with Al orr and A2 on. When the circuit is triggered so that Al is on and 
A2 orr, then the voltage across Cj must change to 1.58 V and that across 
C, to 9.8 V. The flip-flop will not have settled itself completely in its new 
state until this interchange of capacitor voltages has been completed. A 
transition having been induced by a triggering signal, a certain minimum time 
must elapse before a succeeding trigger will be able reliably to induce the 
reverse state. The smallest allowable interval between triggers is called the 
resolving time of the flip-flop, and its reciprocal is the maximum frequency at 
which the binary will respond. 

If the binary has been triggered so as to drive stage Al orr and A2 on, 
the equivalent circuit from which to calculate the time constant 7 associated 
with the recharging of C, is given in Fig. 10-1la. (Compare this circuit with 
that of Fig. 10-5a.) If the output impedance of A2 (including R,) is R., then 
7 = CiR, where R is the parallel combination of resistance R, and R2+ Ro. 
For a transistor in saturation, R, is very small compared with R,. For a 
vacuum tube, it is usually true that R. >> R,, and since FR, is always greater 
than R, = Ryrp/(Rp + fp), little error is made in taking R ~ R,R2/(Ri + Ra). 

Similarly, from Fig. 10-11b we ean find the time constant r’ associated 
with the recharging of Cj. The input resistance of A2 is R:. If a vacuum- 
tube binary is under consideration, then 2; = rg (the grid resistance) when this 
electrode is driven positive. If a flip-flop uses transistors, then R; ~ ri (the 
base-spreading resistance). For either device R, seldom exceeds 1 K and 
usually R; <K R2; Hence 7’ ~ C{R’, where R’ is the parallel combination of 
R, and R, + R;. Since R, + Ris usually smaller than either 2, or A, then 
7 > 1’ and the larger of the two time constants is 


Rik2C, 
Rit &, 


C{ is the commutating capacitance. 


RC, = (10-12) 


T 


where C; 


ll 


(a) () — 


Fig. 10-11 Equivalent circuits for computing the time constants with 
which the commutating capacitors recharge. 
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As the preceding discussion suggests, the complete transfer of conduction 
from one device to the other involves two phases. The first of these phases 
is the transition phase, during which conduction transfers from one~ active 
device to the other. In order that this transfer take place, the voltage across 
certain of the capacitances present in the circuit must change. In the binary 
of Fig. 10-10 there are present capacitances to ground at the points X and Y. 
These capacitances are the input and output capacitances of the tubes or 
transistors and also the stray capacitances. None of these capacitances is 
explicitly indicated in Fig. 10-10. But the voltage across these capacitances 
must change if the devices are to switch between on and oF. 

On the other hand, the voltages across the capacitances C, and C{ need 
not change during the transfer of conduction. If the capacitors C1 and Ci 
were replaced by batteries whose voltages were set equal to the capacitor 
voltages, then ‘this substitution would in no way restrain the transfer of con- 
duction. Hence these capacitors are permitted to complete their interchange 
of voltage after the transfer of conduction has taken place. The additional 
time required for the purpose of completing the recharging of capacitors after 
the transfer of conduction is called the setiling time. The resolution time is the 
sum of the transition time and the settling time. Of course, however, there 
is no clear-cut separation between the transition phase and the settling phase. 

We may now see that if we make the commutating capacitors too small 
we shall lengthen the transition time and if we make them too large we shall 
lengthen the settling time. An engineering compromise is called for. In 
the case of the vacuum-tube binary we find that a reasonable compromise 
is reached when the capacitors C, and C; are adjusted so that the RR, 
attenuator is nominally compensated for the case where the attenuator is 
applying a signal to the grid of a tube which is within its grid base. Since 
under these circumstances the input capacitance is increased as a result of the 
Miller effect, the attenuator is overcompensated when the grid is at cutoff 
or in clamp. Such overcompensation is acceptable in the present case since 
we are not concerned with preserving a waveshape but only with transmitting 
a signal from a plate to a grid. If the input capacitance taking the Miller 
effect into account is C;, then a reasonable choice for C, is 


_ RC; 
Ci = R 


In practical tube circuits we find that the commutating capacitors rarely 
exceed 200 pF, are more usually in the range 50 to 75 pF, and may be, if 
pentodes are used, as low as 10 pF. 

In a transistor flip-flop the commutating capacitors serve the same purpose 
as they do in the tube circuit. They aid the switching by causing the base 
of one transistor to respond more rapidly to an abrupt change at the collector 
of the other transistor. The situation is more complicated with transistors 
than with tubes. This complication arises because, when in its active region, 
a transistor stores charge in its base and when in the saturation region it 
stores even more charge. The transistor cannot be brought from saturation 


(10-13) 
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to. cutoff until all this charge has been removed. The commutating capacitors 
hasten the removal of this charge. A detailed discussion of the transient 
switching characteristics of transistors, including an analysis of the delay 
caused by this base charge, is presented in Chap. 20. For the present, let it 
suffice to note that the values of commutating capacitors. encountered in 
transistor flip-flops are comparable to those found in tube circuits. They lie 
in the range from. some tens to some hundreds of picofarads (Sec. 20-20). 
High-speed transistors are available for which the storage-time delay 
and the fall time are small compared with the settling time of the circuit. 
Similarly, for tubes the transition time is generally smaller than the settling 
time. It seems reasonable to assume that if a time 27 is allowed between 
triggers, then all the transients will have died down sufficiently so that the flip- 
flop ean be triggered reliably. In practice, this assumption usually leads to a 
conservative estimate of the maximum frequency fmex of operation, given by 


fone be Bit Bs 
mex 2r = 2C1RiR: 
where use is made of Eq. (10-12). 


(10-14) 


10-6 METHODS OF IMPROVING RESOLUTION 


We consider first the vacuum-tube binary. A step in the direction of decreas- 
ing the resolution time of the binary is clearly to reduce all stray capacitances 
to a minimum. Beyond this, it is necessary to reduce the values of the 
resistances R,, Ri, and R,. The reduction of R, will improve the rise time of 
the waveforms at the tube plates and will also reduce the recharging time of the 
commutating capacitor connected between the plate of the orFr tube and 
the clamped grid. The reduction of Ri and Re will reduce the recharging 
time of the other commutating capacitor. 

The price that must be paid for these improvements in resolution time is, 
first, increased dissipation of power in the circuit since, because of the smaller 
resistances, the current drain from the supply voltages will increase. Second, 
unless it is possible to increase the tube current in proportion as the load resist- 
ance is reduced, the plate swing will become smaller. Hence, not only will the 
useful output signal be reduced but the total grid swing will be decreased 
and it may be difficult to maintain d-c stability in the binary. When the grid 
swing is reduced, it may become necessary to use 5 percent or. perhaps even 
1 percent components. ; 

Final. measures which may be taken to improve resolution time include 
the use of pentodes and auxiliary diodes. The pentode reduces the tube input 
capacitances by suppressing the Miller effect, and the diodes are used as 
clamps to restrain the. total signal excursion at the plates and grids. Such 
procedures, in spite of their added cost and complexity, will only succeed in 
reducing the resolution time to the order of 0.1 ysec.* 
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With respect to resolution, the transistor binary has one immediate 
advantage over the tube circuit. This advantage results from the fact that it 
is convenient to use in a transistor circuit a much smaller collector-circuit resist- 
ance R, than may be used as a plate-circuit resistance Rp. With a small R, 
the collector swing is still very nearly equal to the supply voltage, whereas 
in a tube circuit the use of a small 2, will result in an important sacrifice of 
plate swing. Further, plate swing is more at a premium than is collector 
swing. The plate swing must be several times larger than the grid base, which 
is of the order of 10 or 20 V, although the collector swing need only be a few 
times larger than the several tenths of a volt that will carry a transistor from 
cutoff to saturation. The effect of these considerations is apparent in compar- 
ing the values of the components in Fig. 10-2 with those in Fig. 10-4. The 
fact that R. is appreciably smaller than R, allows a reduction also in the size 
of R, and R;z in the transistor circuit. As we see in Sec. 10-5 and Eq. (10-12), 
the recovery time is reduced thereby, and smaller values of resistance generally 
allow all shunting capacitors to charge more rapidly, with a consequent 
improvement in transition speed. 

In a vacuum-tube binary the resolution time is limited by the speed 
with which interelectrode capacitances and capacitances external to the tube 
can charge through the resistive circuit components. The situation which 
normally prevails in a transistor binary is that the speed is limited by mecha- 
nisms which are internal to the transistor. As mentioned, and as is dis- 
cussed in Chap. 20, an inherent and serious limitation on resolution time is the 
interval required to draw the stored charge out of the base of a transistor 
which is in saturation. Upon application of a reverse-biasing voltage to the 
base, there is a delay, called the storage time (Sec. 20-14), which elapses before 
the collector current starts to change. Therefore, where resolution time is at 
premium, the transistor must not be allowed to saturate. : 


A Nonsaturating Binary A method of restraining the transistors from 
saturating is shown in Fig. 10-12. Here, four diodes have been added to the 
circuit of Fig. 10-4. These diodes ensure that the collector junctions are 
reverse-biased and hence that the transistor is always operating in the active 
region. Both avalanche diodes D3 and D4 (also called Zener diodes; Sec. 6-4) 
are always biased in the breakdown direction and each has a voltage Vz < Vec 
across it. The voltage across the diode D1 or D2 is very small in the forward 
direction. With Q2 on, its emitter junction is forward-biased and Vago ~ 0. 
Hence the left-hand side of D2 is at Vz with respect to ground. The right- 
hand side is connected to the low voltage of the collector of the on transistor 
Q2. Thus D2 is forward-biased and the collector junction of Q2 is reverse- 
biased by Ves. ~ Vz, therefore preventing saturation. From Fig. 10-126 
we see that Vezi = —Vask,/(R: + R:2), keeping Q1 cut off. Because Ver1 
is high (approximately equal to Vcc > Vz),'then D1 is back-biased. The 
output swing is approximately Voc — Vz. It will be recognized that ‘the 
configuration used here is the same as that illustrated in Fig. 8-31. 
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Fig. 10-12 (a) A nonsaturated binary; (b) the equivalent circuit from which to 
calculate the voltage at the base of the oFF transistor. 


If p-n-p transistors are used, then each diode in Fig. 10-12 must be 
reversed. This same nonsaturating configuration can also be used with the 
self-biased flip-flop of Fig. 10-7. There exist a number of other circuits for 
reducing the minority-carrier storage-time delay, one? of which is given in 
Prob. 10-17. 

The nonsaturating circuits are more complicated than the saturated 
flip-flops. Also, the latter dissipate less power, because the on transistor 
has low voltages whereas the orF transistor has low currents. On the other 
hand, the on transistor in the nonsaturated configuration operates at a 
high current and a voltage Vz which may result in a significant power loss. 
An additional advantage of the saturated binary is that its voltage swing is 
more stable with temperature, aging, and component replacement than is the 
nonsaturating type. For these reasons and because high-frequency transistors 
with very small storage times are now available, a nonsaturating flip-flop 
design is justified only in those applications where extreme speed is necessary. 
Transistor flip-flops have been designed for triggering frequencies in excess of 
100 MHz. 


10-7 UNSYMMETRICAL TRIGGERING OF THE BINARY 


The triggering signal which is usually employed to induce a transition from 
one state to the other is either a pulse of short duration or a step voltage. This 
pulse or step may be introduced in such a manner as will produce either 
symmetrical or unsymmetrical triggering. In unsymmetrical triggering the 
triggering signal is effective in inducing a transition in only one direction. 
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A second triggering signal from a separate source must be introduced in a 
different manner to achieve the reverse transition. In symmetrical triggering 
each successive triggering signal induces a transition, regardless of the state 
in which the binary happens to be. Unsymmetrical triggering, using two 
triggering sources, is found frequently where the binary is to be used as a 
generator of a gate whose width equals the interval between triggers. Such 
triggering also finds extensive application in logic circuitry, as, for example, in 
the register and coding circuits in Chap. 9. Symmetrical triggering is used 
in binary-counting circuits (Chap. 18) and in other applications. We shall 
consider in this present section only the method of unsymmetrical triggering. 

It is important to understand that the sensitivity of the binary to a pulse 
of such polarity as to turn off the conducting device will appreciably exceed the 
sensitivity to a pulse of opposite polarity. To be specific, let us consider the 
circuit of Fig. 10-10, using either tubes or n-p-n transistors. A positive step 
applied through a capacitor to the input of the orr stage, say Al, will give no 
response until the step amplitude exceeds the voltage by which the device is 
below cutoff. On the other hand, a negative step applied to the input of the on 
stage A2 will immediately decrease the current in this device (we are neglecting 
the minority-carrier storage time in this discussion). Since 42 now operates 
in its active region, the input voltage at X. is amplified at Y. and a fraction of 
this voltage appears at X;. Because of this amplification from X, to X1, a 
small negative step at Xe will leave the binary in the condition in which the - 
current. in the initially orr stage is larger than the current in the initially on . 
triode, and we may expect the flip-flop to complete the transition through 
regenerative action. A vacuum-tube or n-p-n transistor binary will therefore 
be triggered by a smaller negative than positive voltage step. 

Suppose that a positive pulse is applied to the input of the orr stage. The 
pulse is a combination of a positive step and a delayed negative step. The 
result to be anticipated is therefore a combination of the response to a positive 
step applied to the orr device followed by a negative step applied to the on 
stage. If the amplitude of a positive step is large enough to flip the binary 
at its leading edge, then because of the greater triggering sensitivity to a nega- 
tive step, the binary will flip back again at its trailing edge. 

Next consider a negative pulse applied to the on stage. Since the binary 
responds to a smaller negative step than positive step, we may adjust the pulse 
amplitude experimentally to prevent the flip-flop from making a reverse 
transition on the trailing edge of the pulse. 

It is possible to arrange a permanent binary transition in a tube or an 
n-p-n transistor through the use of a positive pulse, provided that the positive 
pulse is applied to the input of the on stage through a small capacitor C. 
At the leading edge of the positive pulse this capacitor will charge through 
the low input resistance of the amplifier in series with the output impedance 
R, of the trigger source. The voltage across C may become as large as the 
pulse amplitude if R, is small enough. At the instant of the negative-going 
trailing edge of the trigger, the input is driven negative by the amount by 
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(a) ~ Va (b) 
Fig. 10-13 Method of triggering unsymmetrically (a) an n-p-n or vacuum-tube 
binary and (b) a p-n-p flip-flop. 


which the voltage across C has changed. Since the binary is very sensitive to a 
negative step applied to the on stage, a transition may result. It is to be 
noted, however, that the transition, when it takes place, occurs at the trailing 
edge of the input pulse. Usually it is desired to avoid this triggering at the 
trailing edge. Such suppression may be achieved (if R, is not large enough) 
by including a large resistance in series with C. 

The triggering signal may be applied at the output of one of the stages 
of the binary rather than at the input, again preferably through a resistor and 
capacitor (Fig. 10-13). Any signal so applied will immediately appear at the 
input of the other device, being transmitted through the commutating capaci- 
tor. The presence of the series resistor R, will serve to accentuate even further 
the relative sensitivity of the tube or n-p-n transistor to a negative pulse. This 
extra sensitivity results because the positive pulse would have to be introduced 
at a point where the signal looks directly or through a coupling capacitor at the 
plate of a tube or the collector of a transistor which is conducting. For 
example, in Fig. 10-10, with Al orr and A2 on a positive step must be applied 
at. Y, to bring A: out of cutoff. At Y2, however, the impedance presented 
to the triggering signal is low. A negative signal could be introduced, on the 
other hand, at the output of a cutoff stage (Y1 in Fig. 10-13a) where the 
impedance is high. 

If p-n-p transistors are used then a positive step must be applied to the 
base in order to produce cutoff. Hence, the discussion in this section may be 
summarized as follows: An excellent method for triggering a binary unsymmet- 
rically on the leading edge of a pulse is to apply the pulse from a high-impedance 
source to the output of the nonconducting device. If the active element 1s a tube 
or an n-p-n transistor a negative pulse is required, but for a p-n-p triode the trigger 
polarity should be positive (Fig. 10-13b). 
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10-8 TRIGGERING UNSYMMETRICALLY 
THROUGH A UNILATERAL DEVICE 


A method of triggering a flip-flop which allows the binary to respond to only 
one polarity of pulse is obtained by adding a diode to the circuit as indicated 
in Fig. 10-14a. When Q1 is conducting, the diode D is back-biased by the 
drop across R, and the diode will not transmit a triggering signal (unless it is 
negative and has an amplitude larger than this voltage drop). When Q1 is 
orr the drop across D is zero. The diode will still fail to transmit a positive- 
going trigger but will transmit a negative step or pulse to the input (base) of 
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Fig. 10-14 Method of triggering unsymmetrically with a diode. 
Pulses applied (a) to the collector of the orr transistor and (b) to the 
base of the on triode, Control of the state of the flip-flop is also 
possible with a binary input at S’ (d-c set) and R’ (d-c reset). 
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Fig. 10-15 The use of a trigger amplifier in conjunction with 


a binary. 


Q2. Observe that here the binary responds to that signal which effectively 
applies a negative pulse to the on device, to which polarity the binary is more 
sensitive. The resistance R must be large enough not to load down the trigger 
source. On the other hand, R must be small enough so that any charge 
which accumulates on C during the interval when D conducts will have time 
to decay during the time between pulses. If the triggering rate is high, then 
it may be necessary to replace R with a diode. The placement of this diode 
in the circuit is such that it is back-biased during the pulse but it does conduct 
after the pulse so as quickly to remove the charge accumulated on C. (See D3 
in Fig. 10-16.) 

The Fuip-FLop of Fig. 10-14a may be used as a basic logic element (Sec. 
9-13). For a positive logic system the output Y is taken from the collector of 
the n-p-n transistor, say Q2, and the output Y is taken from the collector of Q1. 
The triggering signal is a negative pulse and is applied to the set terminal S. 
After the pulse excitation, Q2 will be orr and Q1 on, so that Y = land Y = 0. 
Similarly, after a triggering signal is applied at the reset terminal R, Q2 will be 
on and Q1 orr, so that Y = Oand Y = 1. 

If a completely d-e positive logic system is under consideration, then the 
input “signal” to the FLIP-FLopP is the 1 level (the more positive logic voltage). 
The triggering arrangement is now that indicated in the dashed box in Fig. 
10-14a. With a 1 at the d-c set terminal S’, Q1 is on and Q2 orr, so that 
Y =1and Y = 0. On the other hand, with a 1 at the d-c reset terminal R’, 
Q1 is orr and Q2 is on, so that Y = O and Y = 1. 

An alternative diode-triggering arrangement is shown in Fig. 10-140. 
Here the negative set pulse S is applied through D to the base of the on stage 
Q2. Now R is returned to ground rather than to the supply voltage. The d-c 
set circuit is identical with that in Fig. 10-14a. Only one half of the circuit 
is indicated, the portion not shown being understood to be symmetrical with 
the configuration which is drawn. 

If p-n-p transistors are used, then the diodes in Fig. 10-14a or b must be 
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reversed and the circuits respond only to a positive input signal, which is the 
proper polarity for turning off the on transistor. 

If the trigger amplitude available is small, it may be necessary to amplify 
this signal before applying it to the flip-flop. In this case a diode need not be 
used because the amplifier can provide the unilateral action previously sup- 
plied by the diode. Such a configuration is indicated in Fig. 10-15 for a 
circuit which uses p-n-p transistors. Note that R. serves as both the collector 
resistor of the binary transistor Q1 and the trigger amplifier Q3. Since its 
emitter-to-base voltage supply is zero, then Q3 is virtually at cutoff (Sec. 6-17). 
Regardless of the state of the binary, a positive signal at the base of Q3 will 
have no effect. However, a negative pulse causes Q3 to conduct if Q1 is oFF. 
This signal is amplified and inverted by Q3, and the resulting positive wave- 
form at the collector of Q1 is coupled to the base of Q2. If Q1 is cut off, then 
Q2 ison. Hence, Q2 will be driven toward cutoff by the positive pulse at its 
base, and a transition will occur. 


10-9 SYMMETRICAL TRIGGERING 


The circuits of Fig. 10-16 show how the binary may be pulsed in a symmetrical 
manner. They are called complementing FLip-FLops. The input terminal 
corresponds to the trigger T on the logic symbol of Fig. 9-39. For example, in 
Fig. 10-16a the diodes D1 and D2 serve the same function as described in . 
Sec. 10-8 in connection with Fig. 10-14a, and diode D3 takes the place of R 
in Fig. 10-14a. The drop (approximately Vcc) across the collector load R, 
of the conducting transistor Q2 reverse-biases D2. Since there is zero voltage 
across FR, of Q1, then D1 is at zero bias. Hence, a negative input signal 
will be transmitted through D1 to the collector of Q1 and thence to the input 


o— Vep 
Fig. 10-16 Symmetrical triggering through diodes (a) at the outputs and (b) at 


the inputs of the amplifiers. These circuits are symmetrical forms of the unsym- 
metrical circuits of Fig. 10-14, except that 2 has been replaced by D3. 
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of the on stage Q2 via the iC; combination connecting the output of Q1 
to the input of Q2. A negative pulse at the base of Q2 is appropriate for 
turning this stage orr and thus causing a transition. After the transition is 
completed D1 will be reverse-biased and D2 will beatO0 V. The next negative 
pulse will pass through D2 instead of D1. Hence, these elements are called 
steering diodes. The binary will transfer at each successive negative input 
pulse or step but will not respond to the opposite polarity. If p-n-p transistors 
are used, then the diodés must be reversed and a positive triggering signal is 
required. If the pulse rate is low, then D3 may be replaced by a resistor R. 

If the pulse amplitude is too small, a configuration using triggering ampli- 
fiers Q3 and Q4 is used. This circuit is an extension of the unsymmetrical 
method shown in Fig. 10-15, with the collector of Q4 connected to that of Q2 
and the base of 4 tied to the base of 3. A number of other triggering schemes 
may be found in the literature (Prob. 10-18). 


Triggering of a Bistable Multi Symmetrically without the Use of Auxiliary 
Diodes or Triodes Symmetrical triggering is possible in this case because 
of the presence of the commutating capacitors. Such triggering may be suc- 
cessfully achieved only if the commutating capacitances are large enough to 
predominate over all other capacitances present, so that during the transition 
the voltages across the commutating capacitors do not change appreciably. 
We have already seen that large commutating capacitors lengthen the time 
required to complete the settling from one binary state to the other. There- 
fore this method of triggering without auxiliary stecring diodes or transistors 
is not employed where the shortest possible resolution time is required. 

With the circuit of Fig. 10-17 symmetrical triggering can be achieved 
by the direct application of a positive step to the common emitters of a self- 
biased flip-flop. We shall make some assumptions which simplify the analysis 
but which are not essential to the discussion. We assume that in saturation 
the collector-to-emitter voltage and the base-to-emitter voltage are zero. We 
specify only the ratio of the coupling resistances (R: = 32), and we assume 
that these resistances are large enough so that they constitute a negligible load 
on the output of the transistor. Finally, we specify only the ratio of collector 
circuit resistance to the emitter resistance (R, = 4R,). 

Initially the flip-flop is in a state in which Q1 is orr and Q2 ison. Fora 
10-V supply and with R, = 4R., 8 V appears across R, and 2 V across Ry. 
Hence, the transistor voltages are as indicated in Fig. 10-17. (Ignore the 
values in parentheses for the moment.) Now let there be applied a positive 
step of amplitude 7 V to the common emitters Z through a small capacitance C. 
Then the voltage of £ will rise abruptly to 9 V and both transistors will be 
turned ofr. The circuit voltages immediately after the input step are given 
in parentheses. We assume that the voltages across the commutating capaci- 
tors have not changed. Observe that the base-to-emitter voltage of Q2 is 
—7 V and the corresponding voltage for Q1 is —0.5 V. Hence Q2, which was 
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Fig. 10-17 A symmetrical triggering 
arrangement which does not employ 
auxiliary diodes or transistors. The 
voltages indicated (not in paren- 
theses) are quiescent values. The 
voltages enclosed in parentheses 
result immediately after a positive 
7-V step is applied at the emitter, 
assuming that the commutating capac- 
itor voltages do not change 


initially on, is reverse-biased to a larger extent than is Q1. Now as the 
capacitor C’ charges through R,, the voltage at E will fall and clearly Q1 will 
enter its active region before Q2. Accordingly, when the voltage at E returns 
to its quiescent level, we shall find Q1 on and Q2 orr. A transition has taken 
place. 

It is necessary that C be selected small enough so that, after the input 
step, the voltage at H may decay before the commutating-capacitor voltages 
can change appreciably. Eventually the voltages across C, and Cy will inter- 
change and the flip-flop will settle into its new state. 

Essential to the above discussion has been the assumption that the 
commutating capacitances were large enough to be predominant. If these 
capacitors were absent or inadequate, the input capacitances to the transistors 
might well predominate. If these latter capacitors maintained their voltages, 
then they would serve to keep the on transistor conducting and the oFF 
transistor nonconducting and a transfer could not take place. 

If a 7-V negative step were applied to E, it would serve only to drive Q2 
further into saturation. A transition would not take place. If the triggering 
signal were a square wave, the flip-flop would respond on the positive-going 
edge but not on the negative-going edge. 

Another method of triggering symmetrically without using steering diodes 
or triodes is indicated in Prob. 10-20. 

Before leaving the subject of triggering we shall make one last important 
observation. Let us call the initial state (Q1 orr, Q2 on) state A and the 
second state, state B. Immediately after the transition has taken place the 
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predominant commutating capacitors have voltages corresponding to state A 
rather than to state B. A question which frequently occurs is therefore the 
following. Since the commutating capacitors have voltages corresponding 
to state A immediately after the triggering signal, should not the flip-flop be 
even more susceptible to the next trigger immediately after the first pulse 
than it would be at a later time when the commutating-capacitor voltages have 
interchanged? Such is not the case, for, as we see from the numbers in paren- 
theses in Fig. 10-17, immediately after the first trigger Q2 is deeply in cutoff. 
Therefore the next pulse will drive Q2 even further into reverse bias and can 
consequently cause no transition. 


10-10 A DIRECT-CONNECTED BINARY CIRCUIT? 


A vert (Sec. 9-17) flip-flop circuit containing very few components (two 
transistors and two resistors) is indicated in Fig. 10-18. This transistor binary 
has no vacuum-tube counterpart because, if a direct connection were made 
from a plate to the opposite grid, the circuit would have only one stable state, 
in which both tubes would be conducting heavily. We shall now demonstrate 
that the transistor flip-flop does have two stable states. Inonestate, transistor 
Q2 is in saturation and Q1 is conducting slightly (rather than being beyond’ 
cutoff, as in the binaries discussed in the preceding sections), and in the 
other state Q1 is in saturation and Q2 is conducting slightly. 

Initially, let us assume that Q1 is orr. Then the circuit of Fig. 10-18 
consists of transistor Q2, whose emitter is grounded and whose collector and 
base are connected through resistors R, to the supply voltage Vcc. The cur- 
rents in Q2 are given by 


Veo ea Ver 1 or Vee is Vero 
R, ee R, 


Ize = 


(10-15) 
If the base current Iz. drives Q2 into saturation, Vez. and Veg: are small 
compared with Vcc. Consequently, as a first approximation, we have 
Tp. © Voc/Re © Ico. Since Igo >> Iox/hrx, then we have verified that Q2 


is indeed driven well into saturation. 
From the first-approximation values of Ip. and Ic: we obtain the values 


Voc 


Fig. 10-18 A direct-connected binary. 


Q1 Q2 
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of Vex(sat) and Vez(sat) from the manufacturer’s data. We can use these 
values in Eqs. (10-15) to find the next approximation for the currents and 
subsequently for the saturation voltages. This procedure can be repeated 
again, but it is seldom necessary to do so since the process converges very 
rapidly. 

In a typical case we might obtain for a germanium transistor under heavy 
saturation Ver2 ~ 0.05 and Var2 ~ 0.80 V. Because of the direct connection 
between the collector of Q2 and the base of Q1, Vaz1 = Vex. = 0.05 V. There- 
fore Q1 is actually forward-biased by a small amount (50 mV). Although Q1 
is not cut off, its currents are very small compared with the current in R., and 
the above method of analysis is essentially correct. Since Ver: = Vaz = 
0.3 V the output swing is only V.. = Vez — Ver2 ~ 0.25 V. 

There are a number of disadvantages to the direct-coupled binary. (1) 
We have neglected Iczo, but as the temperature increases, this reverse satura- 
tion current may increase sufficiently to bring Q1 into its active region and 
may even take @2 out of saturation. (2) Since Q2 is driven heavily into 
saturation, storage-time delay will be large and the switching speed will be low. 
Hence, a direct-coupled flip-flop can be used only at slow pulse rates and at 
relatively low temperatures (50°C for germanium and 150°C for silicon tran- 
sistors). (3) The output voltages are equal to the saturation base and collee- 
tor voltages, and these parameters may vary appreciably from transistor to 
transistor. (4) The voltage swing is only a fraction of a volt, and hence the 
binary is susceptible to spurious (noise) voltages. (5) Since an orF collector 
is tied directly to an on base, it is difficult to trigger the binary by the usual 
method of applying a pulse to the orr collector. To supply sufficient current 
to take the on transistor out of saturation usually requires an amplifier, and 
hence the most common triggering method is that indicated in Fig. 10-15. 

The advantages of the d-c flip-flop are the following: (1) extreme simplic- 
ity; (2) one supply voltage of low value (perhaps only 1.5 V); (3) low power 
dissipation; (4) transistors with low breakdown voltages may be used; and 
(5) the binary may easily be constructed as an integrated circuit because of the 
few elements (resistors and transistors) involved. 


10-11 SCHMITT TRIGGER CIRCUIT 


A most important bistable circuit is indicated in Fig. 10-19. It differs from 
the basic Eccles-Jordan configuration of Fig. 10-1 in that the coupling from 
the output V2 of the second stage to the input X, of the first stage is missing 
and that feedback is obtained now through the resistor R,. If tubes are used 
for the amplifiers, then Z represents a cathode, and hence the circuit is called 
a cathode-coupled binary. If transistors are used, Z represents an emitter, and 
the designation emitter-coupled binary is appropriate. Quite commonly in 
the literature either circuit is referred to as a Schmitt trigger,‘ after the inventor 
of the vacuum-tube version. 
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Fig. 10-19 A Schmitt 
trigger circuit. The sup- 
ply voltage Vry is of the 
proper polarity for a 
tube or an n-p-n tran- 
sistor, but must be 
reversed for a p-n-p 
transistor. 


As in the basic circuit of Fig. 10-1, so here also, the existence of only 
two stable states results from the fact that positive feedback is incorporated 
into the circuit and from the further fact that the loop gain of the circuit is 
greater than unity. We shall obtain additional insight into this circuit if we 
consider initially that we have adjusted the loop gain to be Jess than unity. 
One way, among many other possibilities, to make such an adjustment is 
simply to reduce the resistance of the resistor Ry1. If Ry: is small enough, 
regeneration is not possible. Therefore the circuit will not operate as a binary, 
but we may use it as an amplifier. Let us then assume that the circuit is an 
amplifier with input signal » applied as shown in Fig. 10-19 and output 2. 

If device A2 is conducting, there will be a voltage drop across R, which 
will elevate the emitter or cathode of 41. Consequently, if v is small enough 
in voltage, Al will be cut off. As» rises, the circuit will not respond until Al 
reaches its cutin point. Until then, the output v, will be », = Vyy — I2Ry2, 
where J; is the current in R,» for Al cutoff. With A1 conducting, the circuit 
will amplify, and since the gain Av,/Av is positive, the output will rise in 
response to the rise of v. As v continues to rise, X, continues to fall and Zz to 
rise. Therefore a value of » will be reached at which A2 is turned orr, At 
this point, » = Vyy (in the transistor circuit, we neglect the small reverse 
saturation current), and the output again no longer responds to the input. - 
A plot of », against v is shown in Fig. 10-20a, marked ‘“‘Loop gain <1.”’ The 
voltage at which Al reaches cutin is marked vy = Vi. 

Let us now increase the loop gain by increasing R,:. Such a change 
will have negligible effect on the cutin point v = V;. However, in the region 
of amplification, the amplifier gain Av,/Av will increase and consequently the 
slope of the rising portion of the plot in Fig. 10-20a will be steeper. This 
slope will continue to increase with increasing loop gain until, at a loop gain of 
unity, where the circuit has just become regenerative, the slope will become 
infinite. And finally, when the loop gain becomes greater than unity, the 
slope reverses in sign and the plot of », against » assumes the § shape shown in 
Fig. 10-20b. 
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This S curve of Fig. 10-20b may be used to describe the behavior of the 
circuit. As v rises from zero voltage, v, will remain at the lower of its two levels 
until » reaches V;.. When v exceeds V, a line drawn vertically intersects 
the plot only at the upper level. Hence when v exceeds V;, the circuit will 
make an abrupt transition to this higher level. Similarly, if v is initially 
greater than V,, then as v is decreased, the output will remain at its upper level 
until » attains a definite level V2, and at this point the circuit will make an 
abrupt transition to the lower level. We observe that the circuit exhibits 
hysteresis; that is, to effect a transition in one direction we must first pass 
beyond the voltage at which the reverse transition took place. 

A vertical line drawn at v = V which lies between V2 and V; intersects 
the S curve at three points. The upper and lower points, a and ¢, are points 
of stable equilibrium. Point b is a point of unstable equilibrium. The S 
curve is a plot of values which satisfy Kirchhoff’s laws and are consistent with 
the tube or transistor characteristics. However, a point such as } cannot be 
attained experimentally, Atv = V the circuit will be at either a or c, depend- 
ing on the direction of approach of » toward V. When v = V in the range 
between V2 and V, the Schmitt circuit is in one of two possible stable states 
and hence is a bistable circuit. 


Applications Observe that we may readily describe the circuit of Fig. 10-1 
in the manner we have just used to describe the Schmitt circuit. We could 
develop for that first circuit an S curve such as appears in Fig. 10-20b. Asa 
matter of principle, the Eccles-Jordan circuit of Fig. 10-1 and the Schmitt 


Loop gain<1 
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Fig. 10-20 Response of Schmitt 
circuit (a) for loop gain <1, (b) 
for loop gain >1. 
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circuit of Fig. 10-19 may be used for the same applications. As a matter of 
practice, however, the Eccles-Jordan circuit, because of its symmetry, is 
preferred for applications where the circuit is to be triggered back and forth 
between stable states. The Schmitt circuit has the feature that one device 
terminal, the base or grid of A1, is not involved in the regenerative switching. 
When the circuit switches between levels, the voltage on this terminal does not 
change. The Schmitt circuit is therefore preferred for applications in which 
we desire to take advantage of this free terminal. Observe also that the 
resistance R,. in the output circuit of A2 is not required for the operation 
of the binary. This resistance may be selected over a wide range to obtain 
different output-signal amplitudes. Furthermore, capacitive loading at Y. 
will not slow the regenerative action, although such capacitance will increase 
the rise and fall times of the waveform at Yo. 

A most important application of the Schmitt circuit is its use as an 
amplitude comparator to mark the moment at which an arbitrary waveform 
attains a particular reference level. Amplitude comparators are considered in 
Sec. 7-11, where we discuss the use of diodes in amplitude comparison circuits. 
As a comparator, the Schmitt circuit has some advantages over the diode 
circuitry. We desire, when the comparison point is reached, that the com-~ 
parator output make an abrupt and pronounced change. Ina diode-resistor 
comparator, as in Fig. 7-19, the sharpness of the break is limited by the lack of 
sharpness of the diode break. And after the break point is reached, the rate 
of change of the output waveform is no faster than the rate of change of the 
input waveform. As proved in Sec. 7-11, the use of an amplifier after the 
diode comparator does not improve the sharpness of the break, and in addition 
the comparison point becomes a function of amplifier gain. When a high-gain 
amplifier is used before the diode comparator the amplifier may have to be 
d-c-coupled to the comparator, and complications ensue because amplifier 
drift will change the comparison point. 

The situation is otherwise with the Schmitt circuit. As the input v 
rises to V; or falls to V2 the circuit makes a fast regenerative transfer to its 
other state. We may increase this speed of response by using all available 
techniques to improve the rise time of the amplifier stages of which the circuit 
is composed. Such techniques include minimizing all shunt capacitance, using 
high-speed transistors or high-figure-of-merit tubes, and even possibly employ- 
ing high-frequency compensation. In any event, the abruptness of the 
comparator response is not related to the rate of rise of the input waveform. 
Also, there is, in the Schmitt comparator, a definite comparison voltage rather 
than a fairly uncertain comparator region, as in the diode circuit. This 
improvement in comparator performance results from the regeneration in the 
Schmitt circuit and is characteristic of all discriminators which employ 
regeneration. 

In a second application, the Schmitt circuit is used as a squaring circuit. 
This application is illustrated in Fig. 10-21. Here the input signal is arbitrary 
except that it has a large enough excursion to carry the input beyond the limits 
of the hysteresis range Vy = Vi— Ve. The output is a square wave, as 
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Fig. 10-21 Response of 
the Schmitt binary to an 
arbitrary input signal. 


shown, whose amplitude is independent of the amplitude of the input wave- 
form. Observe, further, that the output waveform may have much faster 
leading and trailing edges than does the input. 

In still another application the circuit is triggered between its two stable 
states by alternate positive and negative pulses. Thus if the input is biased 
to a voltage V between V2 and Vj, and if a positive pulse whose amplitude 
exceeds V, — V is coupled to the input, then Al will conduct and A2 will be 
driven to cutoff. If there now is applied a negative pulse whose amplitude 
is greater than V — Vo, the circuit will be triggered back to the state where 
Al is orr and A2 is conducting. This behavior is the same as that of a 
flip-flop, with alternate positive and negative pulses applied to one input. 
However, for the Schmitt binary the possible triggering difficulties discussed 
earlier are not encountered because pulses are applied to an input node X, 
which is not connected to any other point in the circuit. 


Hysteresis In many instances, the hysteresis of the Schmitt circuit 
is not a matter of concern, Such would be the case if we had a periodic signal 
of amplitude large in comparison with the hysteresis range Va and our 
interest lay in using the circuit as a one-way comparator. In Sec. 14-6 an 
example is given of a system requiring a large value of Vz. In other applica- 
tions, a large hysteresis range will not allow the circuit to function properly. 
Thus, even when used as a one-way comparator, if the signal were smaller 
than Vy, then the comparator, having responded by a transition in one direc- 
tion, would never reset itself. 

As may be seen in Fig. 10-20, hysteresis may be eliminated by adjusting 
the loop gain of the circuit to be unity. Such an adjustment may be made 
in a variety of ways. The gain will increase or decrease with increase or 
decrease in Ry: Another possibility is to add to the circuit a resistor R. in 
series with the emitter or cathode lead of Al or a resistor R,2 in series with 
the emitter or cathode lead of A2. Here the gain will increase or decrease as 
either 2.1 or R.2 is decreased or increased. Since Ry: and R,, are in series 
with A1, these resistors will have no effect on the circuit while A, is cut off. 
Therefore these resistors will not change V,; but may be used to move V2 
closer to or coincident with V;. Similarly R.2 will affect V; but not V2 A 
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further method of gain adjustment consists in varying the ratio R1/(R, + R2). 
Such an adjustment will change both V; and V2. 

Adjusting the gain precisely to unity is not feasible. The device param- 
eters, and hence the gain, ate variable over the signal excursion. Hence an 
adjustment which ensures that the maximum gain is unity would have ranges 
where the gain is less than unity, with a consequent loss in speed of response 
of the circuit. Further, the circuit is not stable enough to maintain a gain of 
precisely unity for a long period of time without frequent readjustment. In 
practice, therefore, where hysteresis is undesirable we must be content with 
adjusting the hysteresis to be small and with increasing the signal amplitude, 
when possible, so that it is large in comparison with the hysteresis range. 

A quantitative discussion of the Schmitt circuit is given in the next two 
sections. 


10-12. =A CATHODE-COUPLED BINARY 


The method of calculating Vi, V2, and the two stable-state output voltages 
for a vacuum-tube Schmitt trigger is illustrated in the following example. 


EXAM PLE aie the circuit of Fig. 10-22. 
Solution . If 
Ry _ __ 200 ai 
Ri+R, 200+ 400 3 
then with V1 oFr, the voltage at the grid of V2 (assuming zero grid current) is 


Vera = = 100 V 


a= 


(neglecting the small loading of Ri and R2). The equivalent circuit for this state 
is indicated in Fig. 10-23a. To find the current 7, we follow the procedure described 
in Sec. 1-10. We plot the load line corresponding to Rp2 + R, = 30 K and the 


Fig. 10-22 A cathode-coupled 
binary. The numerical values refer 
to the illustrative example. 
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Vpp (300 V) 


Fig. 10-23 The circuit of Fig. 10-22 with (a) V1 just at cutoff and (b) V2 just at 
cutoff. 


supply voltage Vpp = 300 V on the plate characteristics of the 5965 tube (Fig. 
D-9). From the grid circuit we see that 


. _ Vera —vq2 _ 100 — v@2 ik (10-16) 


2 = ——-—_ = 


Ri 20 


This bias curve, a plot of 72 as a function of v¢2, is added to the plate characteristics, 
and the intersection with the load line is found to be 


42 = 5.1 mA = I, and ven = —2.3V 
vo = Vep — InRyy = 300 — 51 = 249 V 
vxn = IR, = 102 V 
The voltage drop across V1 is 
Vep — I.R, = 300 — 102 = 198 V 


and the cutin grid voltage corresponding to this plate voltage is found from Fig. 
D-9 to be V,; = —8 V. Hence 


Vi = Vy, + oxen = —8 + 102 = 94 V 


With Vi on, the mput is now reduced to v = V2 such that V2 is just about 
to come out of cutoff. The corresponding value of 74; can be found from the 
equivalent circuit indicated in Fig. 10-236. Kirchhoff’s voltage law applied to the 
grid circuit of V2 yields 


(—Vopp + Ryda + Vy2 + wR, =0 
or 


i ee ee aah (10-17) 
Roa + Ri 23.3 
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As a first approximation take V2 ~ Vy = —8 V. Then 4 = 108/23.3 = 4.63 
mA. The voltage drop across V2 is 


Vere — 1k ~ 300 — 92.6 = 207 V 


and for this plate voltage we see from Fig. D-9 that a cutin voltage of —8 V is 
reasonable, so that no correction of the calculated value of 7, is necessary. 

If i; = 4.63 mA = J, is located on the load line, a value of vg, = —2.6 V is 
obtained. Hence 


Vs = 0a + LR. = —2.6 + 92.6 = 90V (10-18) 
For the circuit under consideration 


Ve = Vi-—V2=94-90=4V 


‘vO nNOS PETRIE REAP DOSEN IE ATES OSB TL STANCE TTT TEI ANTE TLS MES IIIS PRI NTE RN 


Let us attempt to eliminate the hysteresis by adding a resistor Rx: in 
series with the cathode of V1. Such a resistor can have no effect on V1 because 
in the equivalent circuit of Fig. 10-23a (from which V; is calculated) V1 is at 
cutoff and hence the drop across Ry; is zero. Since the current 4 = J; in 
Fig. 10-236 required to bring V2 just out of cutoff is determined from the grid 
circuit of V2, it is unaffected by Ri. Hence V2 will be increased by J1Ri, 
and if Ry: is chosen properly, then 


Vet T1Re = Vi 
and hysteresis is eliminated. In the illustrative example a value of 


Ry = 4 — 0.86 K = 960 0 
is needed. 
Similarly, if a resistor Rez is added in series with the cathode of V2, the 
value of V2is unaffected but V; will be decreased. By the proper choice of Riz 


it is again possible to reduce Vz to zero. 


10-13 AN EMITTER-COUPLED BINARY 


We shall now analyze the Schmitt transistor binary of Fig. 10-24. First we 
calculate V,, defined as the input voltage at which Q1 begins to conduct. The 
circuit for calculating the current in Q2 when Q1 is just at cutin is shown in 
Fig. 10-25. We have replaced Vcc, Rai, R:, and Rz by the Thévenin’s equiv- 
alent V’ in series with 2, between the base of Q2 and ground, where 
Vecke R2( Rea + Ri) 
y’ Se SOOO 
Rat hip Ry OO EO Rae Bs 
It is possible for Q2 to be in its active region or to be in saturation. We shall 
assume for the present that Q2 is in its active region, and hence 


(10-19) 


too = hrgtze and dco + tee = (hrz + 1)tze 
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Veg (12. V) 


Fig. 10-24 An emitter-coupled 
binary. The impedance of the 
input source vis &,. The numerical 
values refer to the illustrative 
example on page 399. 


Applying Kirchhoff’s voltage law to the base circuit of Q2 we find 
V’ — Var. = [Ro + Re(hrs + I)]ta2 (10-20) 

Solving for Vew = (too + ta2)R., we obtain 

R.(her + 1) 


Vew=Vami= Ven = (V~ Vol Ries rT AORN 
and finally 
Vi = Vent Vu (10-22) 


If Re(Arze + 1) > R,, then the drop across R, may be neglected and Ven ~ 
y' = Vere. Then 


V1 bad y' — Varz + Vy (10-23) 


Vooe (@2V) . 


Fig. 10-25 The circuit of Fig. 10-24 with Q1 just at cutin. 
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Since V,, is the voltage from base to emitter at cutin where the loop gain just 
exceeds unity, it differs from Vgz2 in the active region by only about 0.1 V 
(Table 6-1). If, therefore, we assume that Vez. = Vy: + 0.1, we have, for 
either germanium or silicon, 


Vie V’-O1 (10-24) 


This result indicates that V,; may, in this way, be made almost independent of 
hrz, of the emitter resistance R., of the temperature, and of whether or not a 
silicon or germanium transistor is used. Hence the discriminator level V, is 
stable with transistor replacement, aging, or temperature changes, provided that 
R.(hve + 1) > R, and that V’ > 0.1. Since V’ depends on Veco, Rea, Ri, and 
R2, where stability is required it is necessary that a stable supply and stable 
resistors be selected. 

It is, of course, possible to adjust the circuit so that, when Q1 is cut off, 
Q2 is in saturation. Under these circumstances, regeneration would start 
not when Q1 comes into conduction but rather when Q2 comes out of satura- 
tion sufficiently so that the loop gain exceeds unity. Because of the presence 
of the commutating capacitor C1, the regeneration point will then be a func- 
tion of the speed of the input waveform, since the response at B2 to a fast 
waveform will be greater than for aslow waveform. Since we normally require 
a fixed comparison voltage point, such operation with Q2 in saturation is not 
desirable. Accordingly we must keep the collector resistor R,2, small enough 
to avoid saturation. Because of this restriction and also because R, may be 
comparable to R.2, the swing at the output may be much smaller than Vcc. 


Calculation of V, The voltage V2, defined as the input voltage at which 
Q2 resumes conducting, is calculated from Fig. 10-26. In order to take into 
account the loading of R, and Rz at the collector of Q1 we have replaced 


. Fig. 10-26 The circuit 
of Fig. 10-24 with Q2 
just at cutoff. The 
resistor 2,; willlater be 
set different from zero 
to eliminate hysteresis. 
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Ri, Re, Ra, and Vec by the Thévenin’s equivalent voltage V, and R, where 


Voec(Ri + R2) Ra(Ri + Re) 
Ra+ Ri+ Rez Ra+ Rit+ Re 


Vi = and R= (10-25) 


The voltage ratio from the first collector to the second base is a, where 


Re 


" oR (10-26) 


a 
In Fig. 10-26 the input signal to Q1 is decreasing, and when it reaches V» 
then Q2 comes out of cutoff. Kirchhoff’s voltage law around the base circuit 
of Q2 is 

—aVon1 + Vy2 + (t81 + tet) R. = 0 (10-27) 
where Ven: = V; — iciR, and ic: = Apgts: for Q1 in the active region. We 
obtain, using V’ from Eq. (10-19), 

aV,— Vy V’ — Viz 


GREER oR +R oe?) 


where 


R 


hre 


R, (1 r is) (10-29) 


From Fig. 10-26, the comparator voltage V2 is given by 


Vo = taiR, + Ver + (isi + ic1)Re = Vari + ter (x. + zs) 


hee 
Ri + R./hez 
aR + R, 


Although Vazi ~ V2, these quantities do not cancel out of Eq. (10-30). 
Hence, since Veg, is higher for silicon than germanium, V2 is a few tenths 
of a volt higher for a Schmitt circuit using silicon transistors than for one using 
germanium devices. 

Since hrz is a large number, R, ~ R., and it may well be that R./hrz < Re. 
In this case Eq. (10-30) becomes 


Ve Vek ER. (V’ — Vy) (10-31) 


= Van t+ (V’ — Vy2) (10-30) 


From Eq. (10-31) it appears that V». is very insensitive to both R, and hrr. 
As a matter of fact it is possible for V2 to be a less sensitive function of hrz than 
is V, (Prob. 10-29). 


EXAMPLE (a) Find V; for the circuit of Fig. 10-24. Assume Arg = 30 and that 
silicon transistors are used. (6) Find V2. (c) Find the value of Ra (Fig. 10-26) 
required to eliminate hysteresis. (d) Repeat part c for R.2 (Fig. 10-27). 
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Solution a. From Eqs. (10-19), 
y= (12) (6) 


2a eo WEED = 
4+2+6 44+2+6 
We have R,(hrz + 1) = 3(31) = 93 K,and Ry = 3K. Hence Rhee +1) > Mo, 
and as a first approximation V; = V’ — 0.1 = 5.9 V. For a more accurate cal- 
culation we use Eq. (10-21) to calculate Vew. We have, using Ver: = 0.6 V 
for silicon from Table 6-1, 


3(31) 
3 + 3(31) 


3K 


Vun = (6 — 0.6) =5.2V 


and from Eq. (10-22) 
Vi =52+05 =5.7V 


which differs from the approximate value by only about 3 percent. A similar 
calculation for germanium gives Vi = 5.7 V, just as for silicon. 

The above calculation assumes that Q2 is operating in its active region. In 
order to be sure that Q2 is indeed in its active region let us calculate the collector 
junction voltage. We find 


Vesz = Vez2 — Varz = Vee — texRe: — Vew — Vara (10-32) 
To find tc. note that 

Ven = iss(hes + 1)R, = took, 
where, from Eq. (10-29), 


H=@(1+5)=31K 


From Eq. (10-32), 
Vope = 12 — (1.68)(1) — 5.2 —-06 = 4.5 V 


Since this voltage is positive and an n-p-n transistor is under consideration, then 
the collector is reverse-biased and we have verified that Q2 is in its active region. 
If R.2 is increased sufficiently then Vcs: becomes negative and Q2 is in saturation 
(Prob, 10-26). 


b. From Eqs. (10-26) and (10-25), 


6 _ 42 + 6) 
CS ya OO R-ta ote 


aR = (0.75)(2.67) = 2.0K 
Since V’ = 6 V and Vy = 0.5 V we calculate from Eq. (10-30) that 


3.1 + 0.03 
2.0 + 3.1 


= 2.67 K 


V2 =06+ (6 — 0.5) = 4.0 V 
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If germanium transistors had been used we would have found 


3.1 + 0.03 
Ve=02+ Foy, © — 01) =38V 


a value slightly lower than that found for silicon. 


c. A resistor R,; in series with the emitter of Q1 will affect V. but not V1. 
Hence V, = 5.7 V. From Fig. 10-26, with R.. in series with E,, we see that ici, 
which was determined by the base circuit of Q2 [Eq. (10-27)], is unaffected by Rat. 
Hence the value of Vewe at which Q2 returns to conduction is the same as before. 
However, in order for the currents to remain unchanged with R,: present, » = V2 
must be increased by the amount of the voltage drop across Re. Hence, this 
resistance must be chosen so that (tc: + i21) Re: is equal to the value of Vz before 
the addition of Ra. From Eq. (10-28), 


ae aa eee Ts a 


te1 


so that hysteresis is eliminated when Vi; = V2 + (ier + ia;)Rei, or 


The comparator level is now 5.7 V for either increasing or decreasing voltages. 


d. From Fig. 10-26 we see that if we place a resistor #.2 in series with the 
emitter of Q2 it can have no effect on V2 because Q2 is orF. Hence V2 remains 
at 4.0 V. However, from Fig. 10-27 it is clear that R.2 will affect Vew: and 
hence V;. From the base circuit of Q2 


—6 + Bina + 0.6 + (Ree + 3)(ta2 + toe) = 0 


Fig. 10-27 The circuit of Fig. 10-24 with a resistor Reo in the 
emitter of Q2 which may be adjusted to eliminate hysteresis. 
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Using to = too/hre = te2/30, we obtain toe = 5.4/(1.03Ree + 3.20) and 


16.7 


View = (tco + t22)(3) = 3.10tc2 = 1.03R,. 4 3.20 
Vi = Vem + Vy = V2 = 4.0 for zero hysteresis. Hence 


16.7 
1,03R.2 + 3.20 = 40-05 4.77 or Ra = 15K 


(By coincidence R,; = R.2 for this example.) 


Hysteresis Considerations If R,1 or R.2 is larger than the value required 
to give zero hysteresis, then the loop gain will be less than unity and the circuit 
will not change state. Usually, R.1 or R.2 is chosen so that a small amount of 
hysteresis remains, in order to ensure that the loop gain will remain greater 
than unity even if the circuit drifts somewhat (owing to supply-voltage changes, 
aging, etc.). Also, R,; or Ra» is usually bypassed with a small capacitor. 
During the transition interval this capacitor reduces the degeneration caused 
by these resistors, and hence an output pulse or step with a shorter rise time is 
delivered. 

If a value of R.; (or R.2) is used which is larger than required for zero 
hysteresis but if the resistor is bypassed so that the a-c loop gain exceeds 
unity, then it is possible to trigger the circuit from one state to the next. 
Under these circumstances |V2| > |Vi|, and hence the hysteresis range Vy is 
negative. With this condition the circuit produces high-frequency oscillations 
if the input voltage has a value between V; and V2. Here, then, is another 
reason why the resistor R.1 (or 2.2) is chosen so as to make |V;{ somewhat 
greater than |V»]. 

A few comments about the source resistance R, are appropriate. The 
value of V, is independent of R,.. The value of V, does depend upon FR, but 
only to a small extent as long as R, KArek.. If R, is too small, then it is 
possible for large input ‘signals v that the first stage Q1 may be driven heavily 
into saturation. Under these conditions minority-carrier storage in the base 
of Q1 may limit the maximum speed of operation of this circuit. On the 
other hand, too large a value of R, may make it impossible to trigger the 
circuit because the loop gain may fall below unity. Since V2 increases when 
R, is added, whereas V, is independent of R,, then for large enough R, it is 
possible for V; = V2. Hysteresis is thus eliminated and the loop gain is unity. 
If R, exceeds this critical value, the loop gain falls below unity and the circuit 
cannot be triggered. In the example considered above for silicon Vi = 5.7 and 
V. is given by Eq. (10-30). Hence the maximum value of 2, is found from 


3.1 + R,/30 


5.7 = 0.6 + = 


(6 — 0.5) 


which yields a maximum value of R, of 49 K. 
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MONOSTABLE AND 
ASTABLE MULTIVIBRATORS 


The binary circuit, it will be recalled, has two stable states, in either 
one of which it may remain permanently. The monostable circuit 
has instead only one permanently stable state and one quasi-stable 
state. In the monostable configuration, a triggering signal is required 
to induce a transition from the stable state to the quasi-stable state. 
The circuit may remain in its quasi-stable state for a time which is 
very long in comparison with the time of transition between states. 
Eventually, however, it will return from the quasi-stable state to its 
stable state, no external signal being required to induce this reverse 
transition. 

Since, when it is triggered, the circuit returns to its original state by 
itself after a time T, it is known as a one-shot, a single-cycle, a single- 
step circuit, or a unwvibrator. Since it generates a rectangular waveform 
and hence can be used to gate other circuits, it is also called a gating 
circuit. Furthermore, since it generates a fast transition at a predeter- 
mined time T after the input trigger, it is also referred to as a delay 
circuit. 

The astable circuit has two states, both of which are quasi-stable. 
Without the aid of an external triggering signal the astable configura- 
tion will make successive transitions from one quasi-stable state to the 
other. 

Both these circuits find extensive application in pulse circuitry. 
The basic application of the monostable configuration results from the 
fact that it may be used to establish a fixed time interval, the beginning 
and end of which are marked by an abrupt discontinuity in a 
voltage waveform. The astable circuit is an oscillator and is used 
as a generator of “square waves’ and, since it requires no triggering 
signal, is itself often a basic source of fast waveforms. 


404 
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Two amplifier stages may be interconnected in such a manner as to possess 
one stable state or two quasi-stable states. These configurations are called 
monostable multivibrators or astable multivibrators (multis), respectively. 
Vacuum-tube and transistor multis will be considered in this chapter. In 
Chap. 13 other monostable and astable circuits, most of which contain only 
one active device, will be studied. 


11-1 THE MONOSTABLE MULTI 


The circuit diagram of a monostable multi is shown in Fig. 11-1. The active 
devices Al and A2 are either tubes or transistors. The supply-voltage polari- 
ties indicated are correct for an n-p-n transistor or for a tube but must be 
reversed for a p-n-p transistor. Here, as in a binary circuit, the output at Y. 
is coupled to the input at X, through a resistive attenuator in which Ciisa 
small commutating capacitor. This capacitor serves here the same purpose as 
is served by the commutating capacitors in the binary. As for a tube-circuit 
binary, C1 is given, to a first approximation, by Eq. (10-13). The d-c coupling 
found in a binary from Y, to X> is here replaced by capacitive coupling through 
C. While the resistor 2 at the input of A2 is shown returned to the supply 
voltage Vyy, this feature of the circuit is not essential, and R may be returned 
to a lower potential. We shall, however, later discuss the advantage of con- 
necting & to the supply voltage. 

We shall assume that the circuit parameters have been adjusted properly 
so that the multi finds itself in its (permanently) stable state with Al orF 
and A2 on (in clamp, if a tube; in saturation, if a transistor). The multi 
may be induced to make a transition out of its stable state by an application 
of a negative trigger at X2 or at Y of Fig. 11-1. As with the binary, diode or 
triode triggering may be used to advantage. It is to be emphasized that the 
triggering is unsymmetrical, being applied to one device only and not to both 
simultaneously. 


Fig. 11-1 The monostable multi. 

If the devices Al and A2 are p-n-p 
transistors, then the supply-voltage 
polarities must be reversed. For 
a tube Vyy = Vpp, Vex = Vea, 
and R, = R,. Fora transistor 
Vry = Vec, Vxx = Vaz, and 

R, = R.. 
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V; 
¥¥ Fig. 11-2 Simplified circuit for computing 
‘ I, R the voltage vx. at the input to A2, during the 
° % = quasi-stable state. The Thévenin's voltage 
i ie Vis the voltage at Y, if the capacitor Cis 
¥, xa 


- disconnected from Yi. At ¢ = 0 the voltage 
across Cis Vyy — Ve. 


Assume that a single trigger is applied to X2 and that a regenerative action 
takes place driving A2 completely below cutoff. The voltage at Y2 now 
rises to approximately Vyy, and because of the cross coupling between 
Y, and X; the first stage Al comes into conduction. This device may be 
driven into saturation (or clamp), or it may operate within its active region. 
In either event a current J, now exists in the output-circuit resistor R, of Al, 
and the voltage at Y1 drops abruptly by an amount J, Ry. The voltage at X» 
drops by the same amount because the voltage across C cannot change instan- 
taneously. The multi is now in its quasi-stable state. 

The circuit will remain in this quasi-stable state for only a finite time T 
because X2 is connected to Vyy through a resistance R. Therefore X2 will 
rise in voltage, and when it passes the cutin voltage V, of A2, a regenerative 
action will take place, turning A1 off and eventually returning the multi to its 
initial stable state. We look now into the matter of determining the time 
duration of the quasi-stable state. During this interval A2 is orr, and the volt- 
age changes at X2 may be calculated from the circuit of Fig. 11-2. In this cir- 
cuit the stage Al has been replaced by a Thévenin’s equivalent generator V; 
(the voltage at Y, with C disconnected) and a resistance R., which represents 
the amplifier output impedance including the presence of R,. The voltage 
waveform at X, is indicated in Fig. 11-3. The ‘transition from stable to 
quasi-stable state occurs att = 0. Fort <0, oxe = V., the saturation base 
voltage of a transistor (or the grid voltage of a tube in clamp). Since Y1 
and X> are coupled by a capacitor, any abrupt change in voltage at Yi must 
result in the same discontinuous change at X»2 At t= 0+, the voltage 
at Y, drops by I:R,. Hence, at t = 0+, vx2 = Ve — I1Ry. Thereafter, the 
voltage vx2 will rise exponentially toward Vyy with a time constant 


r= (R+ R,)C 


(Refer to Fig. 11-2.) Sinceatt = ©,vx2 = Vryy, then the input voltage to the 
second stage is given by [Eq. (2-3)] 


vxe = Vyy — (Vyy — Vet I,R,)e—" (11-1) 


This exponential rise will actually continue, however, only until vx. rises to the 
cutin voltage V,, at which time 7 a reverse transition will occur. Solving 
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Eq. (11-1) for ¢ = T, when vxze = Vy, we obtain 


Vey + R, — Vi 


T=r7In Via Vs 


(11-2) 
In this equation V, may be taken as zero for a tube in clamp, whereas for a 
transistor V, = Vsg(sat) (typically 0.3 V for germanium and 0.7 V for silicon, 
as on page 219). For a tube V, is a negative quantity, the cutin voltage 
corresponding to a plate voltage Vpp (V, ~ —Vpp/u), whereas for a transistor 
V, is a forward-bias voltage (typically, 0.1 V for germanium and 0.5 V for 
silicon). The symbol T is referred to as the delay time and also as the gate 
time, pulse width, or duration. 

The delay T may be varied either through the time constant r or by adjust- 
ing Z,, The current I,, which flows in device A1 when this device is ON, is 
controlled by the base input current or grid input voltage. This input current 
or voltage is, in turn, dependent on Vxx. Therefore T may be varied through 
variation of Vxx. The voltage Vxx will affect T up to the point where, 
when Al comes on, it finds itself in clamp or in saturation. 

The duration T of a monostable multi is ordinarily not particularly 
stable, depending as it does on the device characteristics through J:, V,, and ; 
V,. The stability is somewhat better if R is returned to a voltage of large 
magnitude such as Vyy rather than to a low voltage V; or to ground. The 
reason for this feature may be seen in Fig. 11-4. Curve 1 corresponds to 
returning R to Vyy, whereas curve 2 is for R connected to a low voltage V}. 
The time constants have been adjusted in the two cases to give the same initial 
time duration T,. Suppose that V, now changes by AV, because of, say, a 
change in ambient temperature, heater voltage, or device replacement. We 
see from Fig. 11-4 that the change in time T, — T, is smaller than T, — Jo. 

If the active devices are transistors and if R is returned to ground, then 
the circuit will not function properly. Under these circumstances Vaz: ~ 0 


Fig. 11-3 Voltage variation at X2 during 
the quasi-stable state. The cutin voltage 
V, and the saturation voltage V, are 
positive for an n-p-n transistor, but nega- 
tive for a p-n-p device. For a tube V, is 
negative and V, is zero. 
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Fig. 11-4 Illustrating the advan- 
tage with respect to timing sta- 
bility of returning the resistor 2 to 
Vyy rather than to a lower volt- 
age Vi. 


in the stable state, and the collector current in Q2 is quite small, at most a few 
times Iczo (Sec. 6-8). If the transistor Q2 were reverse-biased then its collector 
current would change to Ic¢zo. Hence, with R returned to ground, Q2 remains 
virtually cut off at all times. In order for a transition to take place the swing 
at Y, must be large enough to take Q1 out of cutoff. But if R goes to ground, 
then the change in the output of Q2 is too small to bring Q1 into its active 
region, and the circuit cannot be triggered. , 
We may expect that the waveforms generated in the monostable multi 
will be very similar to those encountered in Sec. 8-8, where we discussed the 
tube and transistor as a switch. In the multi circuit, tube V1 or transistor Q1 
will be turned on and at a later time turned orr. Hence there will appear 
at the plate or collector a negative gating voltage of the form shown as the 
input in Fig. 8-18f. This negative gating waveform is applied through a 
capacitor to the grid or base of a tube or transistor, just as in Fig. 8-18a and b. 


11-2 A VACUUM-TUBE MONOSTABLE MULTI 


The circuit in Fig. 11-5 is the vacuum-tube version of the circuit in Fig. 11-1. 
Because of the coupling from the plate of one stage to the grid of the second 
tube, this configuration is called the plate-to-grid-coupled monostable multi or, 
simply, the plate-coupled delay multi or plate-coupled one-shot. 

We shall now investigate the appearance of the waveforms at both plates 
and both grids from the time before a trigger is applied to the time the multi 
has restored itself to its initial stable state. The waveforms are shown in 
Fig. 11-6. The triggering signal occurs at t = 0, and the reverse transition 
occurs at ¢ = T. 


The Stable State For ¢ < 0, the current in V1 is zero and that in V2 is 
In, corresponding to a clamped grid. The plate P, is at Vep and the plate Pe 
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© Vop (200 V) 


b— Vag (-210V) == 


Fig. 11-5 The plate-coupled monostable multi. The compo- 
nent values in parentheses refer to the example on page. 411. 


(neglecting the loading effect of the attenuator) is at vps = Vpp — I.R,. The 
grid G: is at V. = 0 (approximately), and the grid-to-ground voltage at V1 is 
calculated by superposition to be 


Rz Veeck 
RAitRk: Rit Rk, 


var = (Vep — 1,R,) = Vp (11-3) 
The voltage Vr must be negative enough to keep V1 below cutoff. These - 
stable-state voltages are indicated in Fig. 11-6. 


The Quasi-stable State Asa result of the application of a triggering sig- 
nal at ¢ = 0, V2 goes orr and V1 goes on. The voltages vp; and vg: drop 
abruptly by the same amount J 18», where I; is the current in R, of V1 when 
V1 goes on. At t= 0+, a current ig = (Vpp + 1,R,)/R flows through R. 
Since the grid G, is below cutoff, this current flows through C into the plate 
terminal of V1. This current ¢z is not constant but decreases with time as the 
capacitor charges. We shall neglect the current tp in comparison with J. 
On this basis we may consider that the current in V1 is Z; and we may consider 
as well that, so long as the grid G, maintains a fixed voltage, so also will the 
plate P,. We shall then be neglecting the voltage drop izR., where R, is the 
output impedance of the amplifier stage V1. A method for calculating J, 
taking into account the loading of R at the plate of P; is given in Prob. 11-2. 

At t= 0, also, the voltage vps rises abruptly by J.R, to Vpp and vq 
rises abruptly to 


vor = Leeks _ VooR: _ yy (11-4) 


If this on voltage Vy of V1, as computed from Eq. (11-4), is positive, then V1 
is in clamp and Vy is to be taken as nominally zero. The voltage at G, 
now starts to rise exponentially with time constant (R + RC = RC toward 
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Vpp. Until vg reaches the cutin voltage V, all voltages at the other electrodes 
remain unaltered. , 


Waveforms for i> T Refer to Fig. 11-62 and b. At é=0, tube V1 
is driven on, so that vp: and vez drop by I,R,. At t= T, tube V1 will be 
driven back to cutoff, and if it were not restrained from doing so, the plate 
P, (Fig. 11-5) would rise abruptly by I,R, and thus carry the grid G2 upward 
by the same amount. Att = T, however, the grid @: is much closer to zero 
voltage than at = 0+. Therefore, G2 is driven positive and appreciable 
grid current flows. Hence an overshoot develops in vg: which decays as the 
capacitor C’ recharges because of the grid current. We shall now calculate the 
magnitude of this overshoot. 


V1 oFF Vi on V1 oFF 
V2 on V2 oFF V2 on 
G2 Igrg (2.6) 
0 
(a) 
Upi 
Pere) Fig. 11-6 Waveforms of plate- 
(b) ‘ coupled monostable multi. The 
exponential portions of the wave- 
0 : forms beginning at t = T all have a 
‘ time constant (Rp + 7¢)C = 7’. The 
ss numerical values (in volts) refer to 
the circuit of Fig. 11-5. 
I,Rp (140) 
(c) 


(d) 
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Fig. 11-7 Circuit for calculating the over- 
shoot in the plate-coupled multi. V1 of 
Fig. 11-5 is below cutoff and.V2 is driven 
into the positive grid region. 


The grid current may be accounted for adequately by using a piecewise 
linear and continuous model for the input circuit. We shall assume that the 
break point occurs at the origin and that for positive grid voltages the grid 
volt-ampere characteristic is linear. The input resistance of V2 when its grid 
is driven positive is re (Sec. 6-19). The grid current immediately after the 
reverse transition is designated by J¢, and its path is indicated in Fig. 11-7. 
Since R is very much larger than R,, the current in R has been neglected com- 
pared with I. From Fig. 11-7 we see that, at 1 = T+, 


vg. = Tere and vp; = Vpp _- TGR, (11-5) 
From Fig. 11-6 the jumps in voltage at Gz and at P are, respectively, 
8=Igrg-V, and 8 = 1,R,~— IR, (11-6) 


Since P; and G: are connected by a capacitor and since the voltage across a 
capacitor cannot change instantaneously, then 6 = 4’. Equating these two 
voltage changes we obtain from Eq. (11-6) 


= Lk, + Vy 

Ra +1¢ 

The overshoot Jgrg decays to zero with a time constant 7’ = (Rp + r@)C, 
and as the grid overshoot-decays exponentially, the plate P, rises exponentially 
to Vpp. Corresponding to the overshoot at @» there is an undershoot at Ps. 
The current J; in V2 at the time of the overshoot may be determined by draw- 
ing a load line for R, on the positive grid characteristics of the tube and noting 
the current corresponding to a grid voltage rgJ%. The undershoot at Pz 
similarly is reflected in an undershoot at G;. Of course, all the sharp corners 
indicated in Fig. 11-6 are actually slightly rounded by tube and stray shunting 
capacitances. Ordinarily, however, this rounding is of a different order of 
magnitude from the rounding apparent on the trailing edge of the waveform 
at P,. ; ; 

The following illustrative example will indicate more specifically how one 
may determine the waveforms in a plate-coupled multi. 


ade (11-7) 


EXAMPLE Compute the voltage levels for the waveforms of Fig. 11-6 for a plate- 
coupled multi whose components and supply voltages are as given in Fig. 11-5. 
. The tubes employed are the two halves of a type 12AU7. 
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Solution Drawing a load line for R, = 20 K and Vpp = 200 V on the negative- 
‘grid plate characteristics for the type 12AU7 (Fig. D-5), we find J2k, = 140 Vv 
and Vpep — I.R, = 60 V. From Eg. (11-3), we find 


Vr = 60 X¥ — 210 X 3 = —75V 

and from Eq. (11-4) we obtain 
Vw = 200 X 4 -—210X3= —-5V 

Corresponding to this grid voltage we find from Fig. D-5 
LR, =70V and Vep — 1,R, = 130 V 


Beginning immediately after ¢ = 0, the grid waveform rises from —70 v 
exponentially toward 200 V with a time constant which is approximately r = RC. 
The quasi-stable state persists until ve. reaches the cutoff voltage Vy, = -15 V, 
during which time all other voltage levels remain constant. 

We must now compute the amplitude of the grid overshoot, for which we may 
use Eq. (11-7), provided that we are able to decide on a reasonable value of re. 
Examine now the positive-grid tube characteristics for the 12AU7 given in Fig. 
D-6. Observe that over a broad range of plate voltage the grid current is 10 mA 
for a grid voltage of 10 V. We therefore tentatively accept for re the value 
rg = 1K. The grid overshoot is therefore 

(70 ~ 15) X 1 55 


U. = es — = 26V 
oe 20 +1 ae 


The abrupt portion of the rise of the plate voltage vp: has a magnitude 
8 = Ibrg — Vy = 2.6415 = 176V 


The remainder of the approach to the supply voltage occurs with a time constant 
(Ry + rg)C, which is also the time constant with which the overshoot decays. 

To find 1;R,, we draw the load line for 20 K and Vpp = 200 V on the positive 
grid characteristics, finding approximately that, corresponding to v¢2 = +2.6 V, 
IR, = 165 V. At the overshoot, then, the voltage vp: drops to 35 V. The 
amplitude of the undershoot in vq, is 


R, 


I3R, — 1, 
(hR, Rs) BR, 


= (165 — 140) X= 12.5V 


see eee ato Soncnaeckas sone EEE He Oe ONENESS MARES TAGE RCH R MN A AO 


The delay time is given by Eq. (11-2) with V. = 0, Vry = Vpp = 200, 
I,R, = 1,R, = 70 V, and V, = —15 V, or 


200 + 70 270 
T= RCln 200 — (—15) =~ RC In 575 
It is feasible to select values for R and C which yield values of T from seconds 
to microseconds. 

The least-certain feature of the above calculation has to do with the 
overshoot amplitude. This difficulty results from the fact that the grid 
resistance rg is not constant but is rather a function of the plate voltage, 
decreasing with decreasing plate voltage. We may, however, note that re 


= 0.23RC 
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does remain fairly constant, provided that the plate voltage remains large 
in comparison with the grid voltage. This result is borne out by the curves 
of Fig. D-6, where it appears that for high plate voltage in comparison with grid 
voltage rg = 1,000 2. In our present case we seek the value of rg under the 
circumstance that vg. = 2.6 V and vp2 = 35 V; hence we may reasonably 
consider rg = 1,000. This general procedure may be summarized as follows: 
we select first some regsonable value for rg and compute, as above, the grid 
and plate voltage corresponding to the overshoot. Corresponding to this first 
approximation for grid and plate voltages we note from the tube characteris- 
tics a better value for rg. We may now recalculate the overshoots, leading 
to a still better value of re, ete. Normally, however, the first approximation 
gives sufficiently good results, and successive calculations are not warranted. 

Let us note that there is a minimum allowable value I,(min) of J which 
is required in order that there shall be a quasi-stable state. This current 
F,(min) is clearly determined by the condition that the drop I i(min) 2, shall 
be sufficient to drive G, below cutoff. Hence J,(min) R, = |V,|, or Ji(min) = 
[V,|/R,. This result is consistent with Eq. (11-2) since this condition makes 
T =0. Corresponding to J;(min) there is a maximum value Veo(max) of 
the bias supply. Similarly, there is a minimum value Vee(min) dictated 
by the consideration that in the stable state tube V1 must be at cutoff. If 
‘Vee is adjusted so that V1 is not at cutoff, then the multi may have no perma- 
nently stable state. In this case, as.is described in Sec. 11-11, the multi 
may become astable and switch back and forth between two quasi-stable . 
states. 


11-3 RECOVERY IN A PLATE-COUPLED MONOSTABLE MULTI 


After the formation of the gate of duration 7, the multi will not have com- 
pletely returned to its stable state until all overshoots have decayed to zero. 
The decay time of these overshoots is called the recovery time. The recovery 
time depends on the time constant (R, + r¢)C, whereas T depends on RC. 
Where a short recovery time is of importance, a fixed required time constant 
KC is attained by making 2 as large as possible and C correspondingly small. 
A practical upper limit for R is of the order of 10 M and is set by the same 
considerations that limit grid-leak resistors generally. Additionally, if R is 
large and C small, the effective impedance between G2 and ground will be large 
during the interval when G, is not in clamp, and the circuit may become 
excessively sensitive to stray fields. The advantage of a short recovery time 
may be seen from the following discussion. 

Consider what might happen if regularly spaced triggers are to gen- 
erate gates which are as wide as possible ({T' to be nearly equal to the interval 
between triggers). At the end of the time T the capacitance C must recharge 
through #, before the next trigger comes along. Suppose that C is not com- 
pletely recharged and hence that P; has not reached Vpp before the next 
trigger is injected. This next pulse will trip the circuit and P, will drop 
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Triggers 


Fig. 11-8 Waveforms 
of multi when interval 
between triggers does 
not allow complete 
recovery. The dashed 


line in the vp, wave- 
form represents an 
abrupt change in volt- 


age. This is followed 
by an exponential rise 
to Vpp. 


_ to its value for v¢1 = Vy. The change in voltage Si at P, is less than the full 
swing S: = I1R, because the plate did not reach Vpp. This new smaller 
increment S, appears at G2, as shown in Fig. 11-8. Furthermore, the voltage 
at G» will not have decayed to zero when the second trigger arrives. The 
result is that, after this second trigger, G: starts at a more positive voltage 
than after the first trigger. Therefore the length of the quasi-stable state T’ 
after the second trigger is less than T' after the first trigger. Hence, there is a 
longer time available for C to charge before the third trigger appears. Thus 
the drop in G at this third impulse may again be the original S:. If so, then 
at the fourth trigger it will be Si. This will lead to the peculiar situation 
pictured in Fig. 11-8 in which not all cycles are alike, but rather alternate 
cycles have the same character. 

There are a number of steps which may be taken if it should become 
important to reduce the recovery time. The most straightforward method is 
to reduce the size of the plate lodd resistance of tube V1. It may then become 
necessary, however, to replace the tube V1 by a larger tube since the tube 
dissipation will increase. Thus, for a given swing at P,, the current 7, must 
increase as R, is decreased. 

A second method is the use of a plate catching diode (Sec. 8-13) to elim- 
inate the slow portion of the rise at the plate of V1. Note that in this case 
the plate resistor of V1 must be returned to a higher supply voltage than the 
plate resistor of V2 if the same swing at the plate of V1 is desired. 

After these first two methods have been employed, some further improve- 
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ment may result if an additional diode is shunted from grid to cathode of V2 
in order to reduce rg. Finally, we may use a cathode follower to couple the 
plate P; to the grid G2. Since the plate P, is coupled directly to the grid 
of the cathode follower, it is required that the cathode-follower supply voltage 
be higher than the multi supply voltage. The timing capacitor is connected 
between the cathode of the cathode follower and the grid Gz. The timing 
capacitor will now be able to recharge through the low output impedance 
of the cathode follower. The use of a cathode follower or of a small plate 
resistance for tube V1 will reduce the recovery time as already noted, but the 
amplitude of the overshoots will be greater than before [Eq. (11-7)]. 


11-4 GATE WIDTH OF A COLLECTOR-COUPLED 
MONOSTABLE MULTI 


The circuit of Fig. 11-9 is the transistor version of Fig. 11-1 and is called the 
collector-to-base-coupled monostable multivibrator or, more simply, the collector- 
coupled monostable multi or one-shot. 

The gate width T is given by Eq. (11-2). We shall now prove that 7 
can be made very stable (almost independent of transistor characteristics, 
supply voltages, and resistance values) if Q1 is driven into saturation. Under 
these circumstances 1,1R. = Vec — Vcg(sat). Since V, = Vaz(sat), then 
from Eq. (11-2), 


= 2Vec — Vecx(sat) — Vex(sat) 
OO EN eg Ve 
V Ver(sat) + Vax(sat) 

cc ~ 33%. OS 


=rln2+7In (11-8) 


Veco — Vy 


At room temperature we see from page 219 that Vcx(sat) + Vax(sat) ~ 2V, 
for either germanium or silicon. The second term in Eq. (11-8) is zero under 
these circumstances, and an excellent approximation for T is 


T =7riln2 = 0.69(R + R.)C ~ 0.69RC (11-9) 


since R, for a transistor in saturation is small compared with R. The larger 
Vcc is, compared with the junction voltages, the better is this approximation. 

The interval 7 is not particularly stable against temperature variations, 
as we shall now demonstrate. In Fig. 6-21 we see that the base-to-emitter 
voltage Vzz(sat) (and also V,) decrease as temperature increases at the rate of 
about 2 mV/°C, whereas Vez(sat) has a temperature coefficient which is of 
opposite sign and substantially smaller. Since the second term in Eq. (11-8) 
becomes more negative as the temperature increases (Prob. 11-9), the gate 
width T decreases as the temperature increases. The larger the value of 


416 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 11-4 


Voe (6V) 


 — Veg (-1.5V) 


Fig. 11-9 The collector-coupled n-p-n transistor monostable 
multi. The values of the components given in parentheses 
refer to the illustrative problem on page 420. 


Vee, the smaller is this effect. From Eq. (11-8) we find that for Veo = 6 V, 
T decreases about 5 percent as the temperature increases from 25 to 175°C, 
which is about the highest temperature at which we might expect to use a 
silicon transistor. 

Up to this point we have neglected the reverse saturation current which 
flows in a transistor when it is cut off. We consider now the effect of the 
reverse saturation current on the time 7 of the quasi-stable state. During 
the interval, when Q2 is cut off, a nominally constant current Ic¢zo flows out 
of the base of the transistor Q2 in Fig. 11-9. Assume now that the capacitor 
C were disconnected from the junction of the resistor R with the base of Q2. 
Then the voltage at the base of Q2 with C disconnected would be not Veco 
but Veco + IcsoR. It therefore appears that capacitor C, in effect, charges 
through R from a source Vcc + IczoR. Consequently, since Iczo increases 
with temperature, the time 7’ will decrease. There is a second way in which 
the reverse saturation current affects 7. The initial voltage vc, in the stable 
state is not Vee but is Vec — IcsoR., where now Icazo is the collector current 
of Q1 when it is cut off. Consequently the drop in the voltage vc: when the 
multi is triggered is smaller by JczoR, than it would otherwise be, and conse- 
quently a smaller gate duration is obtained. Since, however, R. « R, this 
second effect is negligible in comparison with the first. 

To take account here only of the effect of Zczo let us assume that 


Ven(sat) = Vex(sat) = V, = 0 


In this case we find that (Prob. 11-8) 


- ~rin tte : 
Terln2—rh py (11-10) 
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Since Iczo increases with temperature, we conclude from Eq. (11-10), as 
expected, that the delay 7 decreases as the temperature increases. This 
effect is of the same order of magnitude as that discussed above in connection 
with junction voltages. For example, if J¢so increases from, say, 1 to 100 pA 
at the extreme ambient temperature and if R = 10 K and Vec = 6 V, we 
calculate that T decreases about 12 percent over its room-temperature value. 

One method! of temperature-compensating a monostable multi for both 
of the effects discussed above is to connect R not to Vcc but to a source V 
whose value decreases as the temperature increases. The voltage V may be 
obtained from a voltage divider across Vcc in which one resistance varies with 
temperature. The collector supply remains Vcc, which is independent of 
temperature. The general expression for T taking Iczo, junction voltages, and 
V into account is given in Prob. 11-10. 


(11-11) 


11-5 WAVEFORMS OF THE COLLECTOR-COUPLED 
MONOSTABLE MULTIVIBRATOR 


We shall now explain the waveforms (Fig. 11-10) at both collectors and bases. 
The triggering signal is applied at ¢ = 0 and the reverse transition occurs at 
t= T. 


The Stable State The voltages and currents for ¢ < 0 are calculated in 
the same manner as in Sec. 10-3 for the corresponding quantities in a flip-flop. 
It is possible for Q2 to be in its active region, although, just as in a binary, 
it is usually in saturation for reasons of d-c stability (Sec. 10-1). The base 
voltage of Q2 is vg2 = Vagr(sat) = V,. The collector voltage of Q2 is ve. = 
Ven(sat). The collector of Q1 is at ve: = Vee. The base voltage of Q1 is 
calculated by superposition to be 


ean Varah. Vex(sat) Re oe = 
Ve Ris ya oe) 


In order that Q1 be orr, we require that |Vr| < 0 (Si) or |Vr| < 0.1 V (Ge). 
These stable-state voltages are indicated in Fig. 11-10. 


The Quasi-stable State Asa result of a trigger applied at t = 0, Q2 goes 
oFF and Q1 conducts. The voltages vci and vg2 drop abruptly by the same 
amount 1,#,., where J; is the current in R, of Qi. In the preceding section 
we saw that it is advantageous to drive Q1 into saturation. Under these 
circumstances 


Uni = Ve a1 = Vex(sat) and I;R. => Vee =— Ver(sat) 


418 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 11-5 


Q1 oFF Q1oNn Q1 orF 
Q2 on Q2 orF Q2 on 
= Baroy 
oe) =V, aa ° Vee | r (0.22) 
“BE t t { v, 


(a) 


Fig. 11-10 Waveforms of the col- 

lector-coupled monostable multi. 

The exponential portions beginning 

IR, (4.58) at ¢ = T have a time constant 

(b) 7’ = (Re + 7w)C. The numerical 
values (in volts) refer to the circuit 
of Fig. 11-9. 


ver 


= 8(1.12) 
0 t 


Uc2 


Vox (sat) 
(0.3) 


‘(c) 


(d) 


The equivalent circuit for 0 < t'< T from which to calculate vc: is given in 
Fig. 11-11. Since Q1 is on, vs: = Vaz(sat). Taking the loading of Ry on 
Q2 into account by using the principle of superposition, 


VecR, VR. 
= Ls 11- 
R08 Rok. * Rye ie oe 


The voltage at the base of Q2 now starts to rise exponentially toward 
Veco with a time constant r = RC. Until vse reaches the cutin voltage V, 
at ¢ = T all voltages at the other transistor terminals remain unaltered. 


Waveforms fori > T Att = T+, Q2 conducts and Q1 is cut off. The 
collector voltage vc2 drops abruptly to Vcx(sat) and vs; returns to Vr. The 
voltage vc, now rises abruptly, since Q1 is orr. This increase in voltage is 
transmitted to the base of Q2 and drives Q2 heavily into saturation. Hence, 
an overshoot develops in vg; at i = T+ which decays as the capacitor C 
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Fig. 11-11 The equivalent 
monostable multi circuit during 
the quasi-stable state, from 


Q2 orFr 
which vc. may be calculated. 


recharges because of the base current. We shall now calculate the magnitude 
of this overshoot. 

The base current may be accounted for adequately by replacing the 
input circuit of Q2 by the base-spreading resistance 7, in series with the 
base saturation voltage V,, as indicated in Fig. 11-12. The base current at 
t = T+ is designated by Ij. The current in R may usually be neglected 
compared with J (Prob. 11-20). The path of I}, is as shown in Fig. 11-12. 
From this figure we see that 


Ver = Upre + Ve and Vea = Veo — I'pR. (11-14) 


\ 
From Fig. 11-10 the jumps in voltage at B: and C, (the collector of Q1) are, 
respectively, 


6 = prey + V. _ V, and a’ = Vee = IR. roms Vexz(sat) 
(11-15) 


- Since C, and B, are connected by a capacitor, these two discontinuous voltage 
changes must be equal. From the relationship 6 = 6’ we obtain 


= Vee — Vecr(sat) = V. + Vy 
R. + row 


From Fig. 11-12, the time constant with which vg: and vc: decay to their 
steady-state values is r’ = (R. + 7)C. If I's is very much larger than the 
steady-state base current, then there will be a slight decrease in Voz(sat), 
which will result in small undershoots in vc: and vg; at t = T+. Since this 
effect is usually negligible it is not indicated in Fig. 11-10. 


I’, (11-16) 


Fig. 11-12 Equivalent circuit for cal- 
culating the overshoot at the base B, 
of Q2 at ¢ = T+ for the collector- 
coupled multi. Q1 is orr, and Q2 is 
driven heavily into saturation. 
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If the value of 7, is not known but if saturation characteristic curves 
such as those in Figs. 6-22 and 6-26 are given, then an alternative procedure 
: for calculating the overshoots is the following. If Vz is the value of vz2 
at the overshoot (Figs. 11-12 and 11-10), then, proceeding as above, we find 


= Vee ai Vor(sat) = Viz + Vy 
R. 

Using as a first approximation for Vz the value V, in Table 6-1, a value of J’ - 

isfound. Corresponding to this I’; and to the collector current 


= Veco rad Vor(sat) 
R. 


we find the junction voltages from the characteristic curves. Using these 


values in Eq. (11-17) we can obtain a better approximation for I’;. Note that 
if Vcc is large compared with the junction voltages, then Iz ~ Vec/Re. 


(11-17) 


Tz 


Ie 


snot 


EXAMPLE Compute the voltage levels for the waveforms of Fig. 11-10 for a 
collector-coupled multi whose components and supply voltages are as given in 
Fig. 11-9. Silicon transistors are used with re, = 200 2 and hrz = 30. 


Solution We shall assume that Q2 is in saturation in the stable state and then 
justify this assumption. Since Ic: ~ J, and using Table 6-1 (page 219), 


Ic lacy rea aire = 5.7 mA 
Veo — V 6 —0. 
Tyy = 22 — Taetset) _ S— OT 0.58 mA 


The minimum base current for saturation is I¢2/hrz = 5.7/30 = 0.19 mA, and 
hence a base current of 0.53 mA will indeed keep Q2 in saturation. Therefore 
¥p2 = Vo = 0.7 V and vce = Vex(sat) = 0.3 V. Since J, = 0, then the voltage 
across Cis Va = Vec — Ve = 5.8 V. From Eq. (11-12), 

10 (0.3)(20) _ 


Vr=-15 = —0.30 V 
a 10 +20 * 10 +20 


which is certainly enough to cut off Q1. Hence vo1 = Veo = 6 V. 

If a negative trigger is applied to the collector of Q1 or to the base of Q2, the 
multi will make a transition to its quasi-stable state. From the equivalent circuit 
of Fig. 11-11 we have, assuming Q1 is driven into saturation, 

6 ~ 0.7 _ 1540.7 


= =048mA I 
- 0 +1 er : 20 


Ip, = Is — Ig = 0.48 — 0.11 = 0.87 mA 


= 0.11 mA 


From Fig. 11-9 we now calculate 7, = Ii + Jr. Since 
NR. = Vee — Ves(sat) = 5.7 V 


I, =5.7 mA. Since [rR = LR, + Va = 5.7 + 5.8 = 11.0 V, Ie = 1.4 mA. 
Hence Ic. = 5.7 + 1.1 = 6.8 mA and (Ia1)min = 6.8/30 = 0.23 mA. Since 
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Is; > ([51)min, then Q1 is indeed in saturation during the quasi-stable state. 
Hence, va, = 0.7 V, ve. = 0.3 V, and at ¢ = 0+ 


Uae. = Ve = TR, = Ve — [Vee and Vex(sat)] = 0.7 = 6 + 0.3 = —5.0 Vv 
From Eq. (11-13) 


= (6)(10) , (0.7)0) 
10+1 10441 


= 5.52 V 


From Eq. (11-16) 


_ 6-03 ~-0.7 +05 
1+ 0.2 


i = 4.58 mA 


Since I’pr = (4.58)(0.2) = 0.92 V and I,K, = 4.58 V, then all voltages in Fig. 
11-10 are known. 


It is interesting to make a comparison of the waveforms of Fig. 11-10 
with the waveforms of Fig. 11-6. Observe the extent to which a transistor 
is more nearly an ideal switch than is a vacuum tube. In a transistor multi 
the collector voltage swings are very nearly equal to the supply voltage. 
Note also in the transistor waveforms the absence of a perceptible undershoot. 
Of course there must be some small undershoot, but this undershoot can be 
only of the order of tens of millivolts. . 

The same considerations with respect to recovery time that are discussed 
in Sec. 11-3 for the plate-coupled delay multi are applicable to the collector- 
coupled monostable multi. In particular, the anomalous situation depicted 
in Fig. 11-8 is possible if the second trigger is applied before all the transients 
arising from the first pulse have died down. | 

Att = 0+, when Q1 (V1) is driven to saturation and Q2 (V2) is cut off, 
the speed-up capacitor C; shunts the collector (plate) of Q2 (V2). Hence, the 
leading edge of the waveform vg2 in Fig. 11-10 (vp2 in Fig. 11-6) is not really 
vertical but rises with a time constant C,:R:R./(R: + R.). This time con- 
stant is much smaller than r or r’ and is not indicated in the figures. 

The following transistor limitations (page 324) must be taken into con- 
sideration: (1) The minimum value of hrs must be large enough to ensure 
saturation. [For a given (Arr) min the value of R cannot be too large (small) 
or Q2 (Q1) will not saturate.] (2) The value of Jcao must not be so large 
as to prevent Q1 from being cut off in the stable state. (3) We must be 
careful that the voltage with which each transistor is driven orF does not 
exceed the emitter-to-base breakdown voltage BVzzo. Since at t = 0+, 
vp. ~ —Vec (neglecting saturation voltages, Fig. 11-10a), a transistor with 
BY zx20 equal to the supply voltage must be used. If a transistor with such a 
large breakdown voltage is not available, then a diode may be inserted in 
series either with the base or with the emitter of Q2. The diode breakdown 
voltage must exceed Vcc — BVzzo. The diode will affect some of the volt- 
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ages in Fig. 11-10, will increase the recovery time r’, and will modify the delay 
T somewhat (Prob. 11-21). 

A mode of operation is possible with R returned to ground, provided 
that the bias Vga in Fig. 11-9 is so chosen that Q1 is on in the stable state. A 
trigger is now applied to drive Q1 orr so that its collector voltage rises and 
carries the base of Q2 with it. In this manner Q2 is driven on, and the quasi- 
stable state begins. The base current of Q2 does not remain constant but 
decreases toward zero with a time constant C(R. + 1). When this current 
falls below that necessary to saturate Q2 (when Iz2 < Vec/R.Arz), then Q2 
enters its active region. Now the collector of Q2 rises and so does the base 
of Q1. When Q1 comes out of cutoff, the loop gain exceeds unity, and a reverse 
transition takes place, thus ending the quasi-stable state. This mode of 
operation is seldom used because the delay time 7 depends on parameters 
which vary widely from transistor to transistor and with temperature (Figs. 
6-23 and 6-27). 

If p-n-p transistors are used the above analysis remains unchanged, 
except that all waveforms are inverted. For example, in Fig. 11-10a, vse 
starts at —0.7 V for ¢ < 0 and jumps positively to +5.0 V at ¢ = 0+ and 
then decreases exponentially downward toward —V., = —6 V, with the 
reverse transition taking place at vs2 = —0.5 V, etc. 


11-6 THE EMITTER-COUPLED MONOSTABLE MULTI 


An alternative form of the one-shot, the emitter-coupled monostable multi, is 
shown in Fig. 11-13. Observe that the coupling from the collector C2 to 
the base B, is lacking and that instead feedback has been provided through a 


Positive 
trigger 


Fig. 11-13° An emitter-coupled monostable multi. Components and 
supply voltage refer to the illustrative example on page 424. The bias 
voltage V is obtained from the divider RR, across the supply Vcc. 
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Fig. 11-14. Waveforms of emit- 
ter-coupled monostable multi- 
vibrator. Numerical values (in 
volts) in parentheses correspond 
to the illustrative example. 


Q1 orF 
Q2 on 


Q1 AcTIVE Q1 oFF 
Q2 orr Q2 on 
t=T 


Ucn2 


t=0 
Voc (18) 


TDR. 
(9.2) 


es (8.8) 


(a) 
9 t 
vem 
Voc (18) 
(15.9) 
Tg2Re (2.1) | 
(11.7) 
(0) 
0 t: 
Upne| Venn t+ Vo Vieng + Vz + Ja? pp! 


common emitter resistor R.. A negative supply is not required. The signal 
at C2 is not directly involved in the regenerative loop. Hence, this collector 
makes an ideal point from which to obtain an output voltage waveform. The 
. base B, is a good point at which to inject a triggering signal since this electrode 


is coupled to no other in the circuit. 


the circuit. 


Hence the trigger source cannot load 


424 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 11-6 


It was pointed out earlier, in connection with the collector-coupled multi, 
that the time T' of the quasi-stable state can be controlled through J, the cur- 
rent in Q1 when Q1 is conducting. However, in the collector-coupled case, 
the current J, cannot be maintained stable unless Z, corresponds to satura- 
tion. In the present case, when Q2 goes orr and Q1 goes on, Q1 operates 
with a substantial emitter resistance. This emitter resistance will serve to 
stabilize Z,, and it is therefore feasible to control 7 through J;. The current 
I, may be adjusted through the bias voltage V, and it turns out that 7 varies 
rather linearly with V. Hence the emitter-coupled configuration makes an 
excellent gate waveform generator, whose width is easily and linearly controlla- 
ble by means of an electrical signal voltage. Or, if V is a d-c voltage derived 
from a linear potentiometer, 7’ will vary linearly with potentiometer rotation. 

The waveforms of the emitter-coupled multi are shown in Fig. 11-14. 
The waveform at base B, is now of no interest since it consists only of the 
triggering pulse and the small voltage drop across R, due to changes in the 
base current of Q1. Instead, however, we now have a waveform at the 
emitters. We shall consider only that mode of operation in which Q1 is cut 
off and Q2 is in saturation in the stable state. The method of calculating the 
waveforms (the voltages at all transistor terminals with respect to the ground 
terminal N) is given in the following illustrative problem. 


acannon 


onan anata 


yee RAR PMNS NEA oA HP ac hte 


EXAMPLE Consider the emitter-coupled multi whose components and supply 
voltages are indicated in Fig. 11-13. If V = 5.0 V, calculate the voltage levels 
of the waveforms in Fig. 11-14. Assume germanium transistors having hre = 50 
and ry = 200 2. 


Solution Stable-state calculations, t <Q In the stable state Q1 is orr while Q2 
is in saturation. The equivalent circuit from which to find the currents in Q2 is 
shown in Fig. 11-15. We have again taken advantage of the simplification afforded 
by using the approximations of Table 6-1. Applying Kirchhoff’s voltage law to 
the two meshes we have , 


104] 52 + 412 
4T a2 + OL; 


17.7 (11-182) 
17.9 (11-18) 


i] 


Solving, we obtain I, = 1.95 mA and Is: = 0.095 mA, We note that the base 
current is more than adequate to ensure that Q2 is in saturation, since the mini- 
mum current required for saturation is I2/hrz = 1.95/50 = 0.039 mA. 

We now find that, in the stable state, 


Yon. = Veco = 18 V (11-19) 
vin = Vans i= (Og) + I52)R. = (1.95 + 0.095) (4) = 8.2V (11-20) 
Since 


Upey = Yen. — Ven2 = 5.0 — 8.2 = —3.2V 
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Fig. 11-15 The equivalent circuit 
of Q2 in Fig. 11-13 in the stabie 
state. The saturation voltages 
are given in Table 6-1. 


then Q] is indeed orr. 
vow. = Vene + Vex(sat) = 8.2+0.1 = 83 V (11-21) 
Ueno = Vena + ee 8.2+0.3 = 85V (11-22) © 
We also note from Fig. 11-13 that the capacitor voltage is 
Va = vem — Vane = 18 — 8.5 = 9.5 V (11-23) 


Calculations att = 0+ When a triggering signal, applied at ¢ = 0, causes a 
transition from the stable to the quasi-stable state, the current in Q2 becomes zero 
and a current I¢,: flows in the collector circuit of Q1. This current may be deter- 
mined by the bias voltage V. The equivalent circuit for this calculation is shown 
in Fig. 11-16. Assuming that Q] is operating in its active region with Vaz: = 0.2 V 
(Table 6-1, page 219), 


Ven = Vem = V — Vari = 5—-0.2 =48V (11-24) 
(er aA eS pak (11-25) 
R. 4 
Since 
1 
Ter t+ Im = Ie (1 + a) (11-26) 
hrs 
then 


_ Are Vem ‘a (50) (1.2) 
l+thre R,. 51 


lex = 1.18 mA (11-27) 


In order to solve for J,, the current in R,1 at £ = 0+, note that 

I, + In = Ici = 1.18 mA (11-28) 
and from Kirchhoff’s voltage law applied to the mesh containing R.1, C, and R, 

Ral: + Va — Rie = 0 (11-29) 


Since the capacitor voltage does not change at the transition, then, from Kq. 
(11-23), Va = 9.5 V and Eq. (11-29) becomes 


61, — 100Jz = —9.5 V (11-30) 
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Voc (18 V) 


Fig. 11-16 The circuit of Fig. 11-13 during 
the quasi-stable state when Q2 is orr. 


Solving Eqs. (11-28) and (11-30) we obtain 
Irn = 0.156 mA and ZI, = 1.02 mA (11-31) 


Accordingly, at ¢ = 0+ the multi voltages are 


Yone = Veo = 18 V (11-32) 
vem = Veo — 11Re = 18 — (1.02)(6) = 11.9 V (11-33) 
Ven = Veni = V — Vem = 4.8 V (11-34) 


vane = VawX(0—) — Ra = 8.5 —6.1 = 24V (11-35) 


Equation (11-35) follows from the fact that the abrupt change /,R.. in the voltage 
at C, is transmitted unattenuated to Batti = 0. Alternatively, we see from Fig. 
11-16 that vsv2 may be calculated from 


Uav2 = Vem. — Va = 11.9 -9.5 = 2.4V (11-362) 
or, also, from 
vanz = Veo — IrR = 18 — 15.6 = 2.4V (11-366) 


In the above calculation for »cw .we have explicitly taken into account the 
effect of the output impedance of the transistor stage Q1. The current Ir flows 
back into this impedance and increases the voltage vcn,. Neglecting this effect 
we would have obtained 


vem = Vee = loxRey = 18 - (1.18) (6) =109V 


which is too low by 1.0 V. The output impedance is R, ~ Ra = 6 K, since the 
impedance seen looking into the collector of Q, operating in its active region is 
much larger than 6 K. Note that J2R, ~ (0.16)(6) ~ 1.0 V. 

The loading of R does not influence the waveforms in the collector-coupled 
one-shot if Q1 is driven into saturation, since R, is then very small. The loading 
only affects the value of (Arz) min required to keep Q1 in saturation (page 420). 
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We must check our assumption that @Q1 is in its active region. Since 
ves: = Yew — Vem1 = 11.9 — 5.0 = +6.9 V (11-37) 


is positive, then the collector junction is reverse-biased (for an n-p-n transistor). 
Hence, 1 is indeed in its active region. 


Calculations at t = T— During the quasi-stable state vows, vewi and ici 
remain constant, and vgw2 increases exponentially with a time constant (R + R,)C. 
This voltage starts at 2.4 V at ¢ = 0+ and rises to the point at which Q2 attains 
its cutin value at ¢ = T7— when 


Yew2 = Vani + V2 = 4.8401 = 49 V (11-38) 
The voltage vc; at t = T— is calculated as follows. At this time 
Vee — Upne 18 — 4.9 


Trp = a ame aaliea 7 caia 0.13 mA (11-39) 

I, = Ie, — Ir = 1.18 — 0.18 = 1.05 mA (11-40) 
and hence 

vomit = Vee — 1,Re = 18 — (1.05)(6) = 11.7 V (11-41) 


Thus, while at ¢ = 0+, vey: = 11.9 V, this voltage falls to 11.7 V at t = T-, as 
indicated in Fig. 11-140. 
The capacitor voltage at t = T’— is 


Va = Yew — Ven2 = 11.7 —4.9 = 6.8V (11-42) . 


Calculations att = T+ The voltage levels attained at ¢ = T+, immediately 
after the reverse transition, at which time the overshoots occur, may be calculated 
from the circuit of Fig. 11-17. Here, I's, and J; are the base and collector currents 
at t= T+. To perform the calculation we shall use the fact that the voltage 
Va = 6.8 V across C is the same immediately before and after the reverse transi- 
tion. Since the overshoots are not required with great precision, then for R > Re: 


cc 
(18 V) 


Fig. 11-17 The equivalent circuit at ¢ = T+ from which to calculate the 
overshoots. The emitter voltage is Vew = (Iz + Ige)Re. Q1 is orr, and 
Q2 is driven heavily into saturation. : 
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the current in R may be neglected compared with J yo. We may write the mesh 
equations 


18 — 6.8 — 0.3 = 10.2I'5, + 41; = 10.9 (11-432) 
18 — 0.1 = 40g. +97 = 17.9 (11-430) 


Solving, we obtain 


Ip, =0.35mA and I; = 1.84mA 
Hence at ¢ = T+ 
ven = Vewe = (Ip + Iga) Re = (1.84 + 0.35)(4) = 8.76 V (11-44) 
von2 = Views + Vee(sat) = 8.76 + 0.1 = 8.86 V (11-45) 
or, alternatively, 
vowe = Veo — 12R-2 = 18 — (1.84)(5) = 8.80 V (11-46) 
vows = Veo — IgeRe = 18 — (0.35)(6) = 15.9 V (11-47) 
vane = Views + Vo + Tpare 
= 8.76 + 0.3 + (0.35) (0.2) = 9.13 V (11-48) 


From Fig. 11-17 we see that the overshoots decay with a time constant 


tore ReRee e 
r=C (Ras + Tey + B+ Ra 2.) (11-49) 


Extreme Limits of V_ In the stable state Q1 must be orr. This condition 
establishes a maximum allowable value Vinax for the bias voltage V applied to 
the base of Q1. When QI goes on the current Jc: must be large enough to 
drive Q2 to cutoff. This condition establishes a minimum allowable bias 
voltage Vinin. For proper operation of the circuit the bias voltage V must lie 
between these two values Vinax @Nd Vmin. These extreme voltages will now be 
calculated. 

Since in the stable state Q1 is orr, V must not be greater than Vgw2 by more 
than the cutin voltage V,:. The maximum allowable value of V is therefore 


Vinax = Vene + Van (11-50) 


If there is to be a quasi-stable state, then the current 7; must be large 
enough to drive Q2 orr. Let us call this minimum current (J1)min and the cor- 
responding value of emitter voltage (Ven1)min. Then the minimum input 
voltage is 


Vinin = (Ven1) min + Ver (11-51) 


where V gx; is the base-to-emitter voltage corresponding to an emitter current 
Veni/R.. To find ( Vewn1)min proceed as follows. The voltage at the base of 
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Q2 at t = 0-+ must be less than the emitter voltage Vw. by at least the cutin 
voltage Vy. Using Eq. (11-35), 


Venx(0+) = Vanx(0—) ~ Ra < Vewi + Vye (11-52) 
The relationship between J; and Vzm1 is found from Eqs. (11-27) and (11-28): 


_ hee Ven _ 
lo. = fin ke it le (11-53) 
We also have from Fig. 11-16 that 
RIr = Veco — Vaw2(0+) = Veo ~ Vaw20-—) + Ra (11-54) 


If the equals sign applies in Eq. (11-52), then this equation together with 
Eqs. (11-53) and (11-54) determines the three minimum values J;, Veni, and 
Ip. If we solve for (Vzwi)min and substitute this value into Eq. (11-51) we 
obtain 


Van2(0—) — Vy. + (Ra/R)(Vec — V 42) 
1+ (Ra/R) + (Ra/R.)[hee/(1 + hez)] 


For the circuit of Fig. 11-13, Eq. (11-50) gives 
Vinax = 8.2 +01 = 8.3V 
and Eq. (11-55) yields 
8.5 — 0.1 + (0.06)(18 — 0.1) 


Vain = 0.2 + 79.06 + (6/0/51) = 8949 


Vin = Vari + (11-55) 


11-7 GATE WIDTH OF AN EMITTER-COUPLED ONE-SHOT 


The delay time 7 of the multi is arrived at by using Eq. (2-3). The voltage 
Van2 at t = 0+ is, from Fig. 11-14c, 


Ven2(0+) = Vawx(0—) — [Re (11-56) 


If Q2 did not conduct, then as t{—> ©, vgy2 would approach Vgc. Hence, the 
instantaneous voltage at the base of Q2 is given by 


Vene = Vee — [Veo — Van2e(O—) + LiRale” (11-57) 
wherer = C(R+ Ra). Att = T—, we see from Fig. 11-14c that 

vane = Vewr + Vy. 
Substituting this value into Eq. (11-57) and solving for 7’, we obtain 


Vee i Van2(0—) + Re 
Veo — Vews — Vya 


The delay time is found to vary fairly linearly with the bias voltage V, as 
will be demonstrated in the following illustrative problem. : 


T=r7in (11-58) 
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omens 


EXAMPLE (a) Find the delay time T as a function of the input voltage V for 
the one-shot of Fig. 11-138. (6) For what value of Vis T = 0? (c) Expand T in 
a power series in V — Vain 


Solution a. Equation (11-58) gives 


18 — 85+ 6h, 95+ 61, 
n =Tl1n 
18 — Ven — 0.1 17.9 — Vewi 


From Eq. (11-24) 
Vem = V — Vem = V — 0.2 (11-60) 


We may obtain J, in terms of Vzy; and hence V from Eqs, (11-53) and (11-54). 
For the circuit under consideration these equations are 


50 Vumi 
51 4 


100/e = 18 — 8.5 +61; = 9.5 + 61; 


T=r} (11-59) 


=1,+ Ir = 0.245V em 


Eliminating Ip, we obtain 
I, = 0.232Vew1 — 0.090 = 0.232V — 0.136 


where we have made use of Eq. (11-60). Substituting for J; and Vem: in Eq. . 
(11-59) yields 


8.68 + 1.39V 
T =r h ——— 11-61 
ae BV eee 
b. If the numerator is equated to the denominator, then 7’ = 0: 
8.68 + 1.39V = 18.1 —V or V=3.94V 
Zero delay occurs at V = Vinio, 88 might have been anticipated. 
c. If we define V, by 
Vo=V — Vain = V — 3.94 
then Eq. (11-61) becomes 
P= rin B2+139V. _ 1+ 0.0987, (11:62) 
14.2 -— V, 1 — 0.071V, 
From the expansion 
2 3 
InQdt+a)=r—-242_... (11-63) 
2 3 
we obtain, using only the first two terms of the expansion, 
T 
= = 0,098V. — $(0.098V.)? + 0.071V. + $(0.071V.)? 
= 
= 0.169V,(1 — 0.014V,) (11-64) 


aeseeenmnenneninidbemmananmnumammnanmtmsimmaeeaaateiieinnc ein tan cerns ne i rn 
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Fig. 11-18 Pertaining to the definition of 
linearity of delay. 


A plot of T/r versus V is indicated in Fig. 11-18. We have also drawn a 
straight line between the end points of this graph. If the marimum dis- 
crepancy between the experimental plot and the line is A, then the linearity or 
displacement error is defined as 


A 


64 * (T/r) max (11-65) 


From Prob. 11-29 we find that if this definition is applied to a general quadratic 
function y = Ax(1 — Bz), then, if the maximum value of z is zn, 


ea = {Bam (11-66) 


provided that the deviation from linearity is small. For the circuit under 
consideration 


(Vo)max = Vinx — Vnin = 8.3—- 3.9 = 44V 
Hence, the maximum deviation from linearity is 
éa = (4)(0.014)(4.4) = 0.015 


or 1.5 percent. The emitter-coupled multi constitutes an excellent voltage-to- 
tame converter. 


11-8 THE ‘CATHODE-COUPLED MONOSTABLE MULTI 


The vacuum-tube form of the emitter-coupled multi of Fig. 11-13 is shown in 
Fig. 11-19. Since here the resistor R may be made much larger than is ordi- 
narily allowable with transistors, we shall now neglect the resistor current Ip. 
The calculation of the waveforms in the present case proceeds generally 
analogously to the calculation for the transistor circuit. A difference is noted 
in the calculation of the overshoot. In the transistor circuit, the transistor Q2 
is driven to saturation at the time of the overshoot and hence at that time 
does not operate as an amplifier. In the tube case, when, at the overshoot, the 
tube V2 is driven to clamp, this tube does continue to operate as an amplifier. 

Proceeding as outlined in Prob. 11-30, we find that at t = T+, the grid 
current at the overshoot J. and the plate current I; of V2 are given respec- 
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9 Vp (250 V) 


Positive 
trigger 


Fig. 11-19 A cathode-coupled monostable multi. Components 
and supply voltage specified refer to the illustrative example 
on page 434. The bias voltage V is obtained from the divider 
RR, across the supply Vpp. 


tively by 
a hi - 1.) (Rp + i) fe 
fai Rt ro hE RS ee 
i= Tee yrs (11-68) 


where rg is the grid-to-cathode resistance, J; is the current in V1 corresponding 
to a voltage V between grid and ground (if V2 is orr), and J is the current in 
V2 corresponding to Vex: = 0, the clamped stable-state current of V2 (with 
V1 oFF), 
urg — Ry 
hs 11-69 
Y= Re + Ry + ee) 
and 
I2R, = V. 2 
I= (1 min = (1) min = Sp -7 
( pl) ( 1) Ry a R, : (il 0) 
is the minimum current in V1 required to drive V2 to cutoff. Note that 
may be either positive or negative, although it is usually positive because 
most frequently pre exceeds Ry. Hence, usually J, > 2, whereas for the 
transistor circuit, as seen in Fig. 11-14a, I. > J}. 
The maximum and minimum allowable values of bias voltage are given 
by formulas analogous to Eqs. (11-50) and (11-51), namely, 


Vinax = L2Ri + Var (11-71) 
and 
Vinin = Inf + Ver (11-72) 


where V¢x1 is the grid-to-cathode voltage corresponding to the current J; = I,. 
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Equation (11-58) for the delay time T now takes the form 
~ Vee — 122k + T1Rp1 
T= T In Ver pe Va (11-73) 


Note that, for a tube, V, ~ 0, Vaw2(0—) = Vewe = IeRy, and Veni = IiR,. 
The waveforms for the cathode-coupled circuit are sketched in Fig. 11-20, 
where the voltage levels are expressed in terms of J,, Is, Ij, and I@. These 


V1 oFF 
V2 on 


(a) 


TgnRp (12) 


Upm, 


(6) 


t 
Te2% + U2 + Iga) R, (53) 


(c) 


L, Rpt V2 @) 


HEN (13+ Toa) Rp (51) 


R, (41 
se Ten (d) 


Fig. 11-20 Waveforms of cathode-coupled monostable multi. 
Numerical values (in volts) in parentheses correspond to the 


illustrative example with V = 18 V. 
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waveforms have the same shapes as for the emitter-coupled circuit except for 
the waveform at the output of the second stage (because I, exceeds /:). 
We shall now illustrate how to calculate these waveshapes. 


sn COS a TE HR Soc REMENARE hd t 


EXAMPLE Compute the voltages Vmax and Vmmin for the cathode-coupled multi 
whose components and supply voltage are as given in Fig. 11-19. For a value of 
V approximately midway between Vinax and Vmi, calculate the voltage levels of 
the waveforms of Fig. 11-20. The tubes employed are the two half sections of a 
type 12AU7 tube. 


Solution Drawing a load line corresponding to R, + Ri = 10 K and Vpp = 250 
V on the negative-grid plate characteristics for the type 12AU7 (Fig. D-5), we 
find J, = 13.7 mA at Ve = Vex.= 0. Hence 


I2Rp = 7 X 13.7 = 96 V and TLR, = 3 X 13.7 = 41 V 


. The voltage Vinax is given by Kg. (11-71), in which V,; is the cutin voltage cor- 
responding to a plate-to-cathode voltage of 250 — 41 = 209 V. We find Vy. = 
—15 V, so that 


Vinx = Ih, + Vy = 41 — 15 = 26V 


To find Vinin we must first calculate J, from Eq. (11-70). Assuming tenta- 
tively that Vy. ~ Vy, = —15 V, we find 


TR, — Vo2 _ 41 + 15 
Roi + Re 74+3 


It appears, then, that V2 is actually the cutin voltage corresponding to a plate-to- 
cathode voltage of 250 — (3 X 5.6) = 233 V, so that V2 is more nearly equal to 
—17 V. However, the precision with which tube characteristics apply to an 
individual tube hardly warrants applying this correction. We find now from the 
tube characteristics that a current J, = 5.6 mA flows when the grid-to-cathode 
voltage Vex: is —8 V. Hence 


Vain = Veri + 1.R, = ~8+56X3 =88V 


= 5.6mA 


I= 


Now let us compute the voltage levels in Fig. 11-20 for V = 18 V. Using 
the method of Sec. 1-10, we find that corresponding to V = 18 V, J, = 8.0 mA, 
giving 7:8, = 56 V and I,R, = 24 V. Also, as noted above, 1:2, = 96 V and 
I2R, = 41 V. These voltage levels are indicated in parentheses in Fig. 11-20. 

At the current corresponding to grid clamping (J, = 13.7 mA) and at a plate 
voltage of 250 — 96 — 41 = 113 V, we have (Fig. D-7) u» = 18 and r, = 6 K. 
If we assume that re = 1 K, we find, from Eq. (11-69), that 


= 18 —3 
3+7+6 
Equation (11-67) is now 


(I, — I,)(Ro: + Rx) (8.0 — 5.6)(7 + 3) 
Rutro+t(+yke 7 +14 (1.94 X 3) 


= 0.94 


Igo = =L7mA 
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and Eq. (11-68) is 
Ty = 1, + yl gq = 13.7 + (0.94)(1.7) = 15.3 mA 
The voltages in Fig. 11-20 at ¢ = 7'+ are 
IbRp2 = (15.3)(7) = 107 V 
IqeRp2 = (1.7)(7) = 12 V 
Igara + (Uy + Ig2)Re = 1.7 + (15.3 + 1.7)(3) = 53 V 
(1, + Iq2)Rk = 51 V 


11-9 THE INFLUENCE OF V ON WAVEFORMS 


The gate width 7 of the emitter-coupled or cathode-coupled multi is deter- 
mined by V and the time constant 7, assuming that all other parameters are 
held constant. As V is varied from Vin to Vmax, the logarithmic term in 
Eq. (11-58) varies from zero to a maximum, Jf. The maximum delay Tmax 
is given by Tmax = 7M. A given delay can be obtained by using either a 
small V and a large 7 or a large V anda smallr. If V is near Vmin (so that 
the current in Q1 or V1 is at its minimum value), then the overshoots in wave- 
form will be small, whereas if V is near Vinex (large I1), the overshoots will be 
emphasized. 

If r is held fixed and V is slowly increased from zero, then the following 
events will take place. For voltages below Viin, the circuit cannot be trig- 
gered. For V > Vin, the waveforms will change from a narrow gate with 
little overshoot to wider and wider gates with progressively higher and higher 
overshoots. When V reaches Vmax, the circuit becomes an astable instead 
of a monostable multi and it continues to operate even when the triggers are 
removed (as discussed in Sec. 11-11). 

The above assumes that the triggers are widely spaced compared with the 
maximum multi width. If this is not true, then the above sequence of events 
takes place until the multi width approaches the time between triggers. At 
that point the situation pictured in Fig. 11-8 takes place, where alternate 
cycles have different waveforms. As a matter of fact this anomalous situation 
may be obtained even at narrow widths if the recovery time constant is com- 
parable to the time between pulses. This emphasizes the importance of keep- 
ing C as small as possible, just as with the plate-coupled or collector-coupled 
monostable multi. 


11-10 TRIGGERING OF THE MONOSTABLE MULTI 


The cathode-coupled or emitter-coupled circuits may be triggered by applying a 
pulse of sufficient amplitude to bring the orr amplifier Al into conduction. 
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For example, in the emitter-coupled multi, the trigger amplitude Vr when 
added to V — Ven2 must exceed the value V,:. Hence, Vr must have a 
magnitude of at least 


Vr = Ven —-V+ Vai 
Using Eq. (11-50) we find 
Vr am Vmax —vV (11-74) 


The largest trigger Vry will be required when V = Vnin and will have a mag- 
nitude given by 


Vem = Vinax =. Vinin (11-75) 


If Vr > Vru then the one-shot can be triggered for any V between 
Vmin and Vmax. If triggers of amplitude less than Vry are employed, then 
the multi will trigger when V is set for large delays but not when V is set 
for short delays. Thus, if V is initially near V,.x and then progressively 
decreased, the multi will operate properly with progressively shorter delays 
until finally a critical value of V will be attained where the multi will fail to 
respond. At this point, if the trigger amplitude is increased, the multi will 
once again function properly. These same considerations apply equally to 
the cathode-coupled multi. 

If the trigger amplitude is too large, then appreciable input current will 
flow. Asa result of this current the input capacitor C; will charge and decrease 
the average value of the bias voltage to Q1. Since effectively the value of V 
is reduced, then the time of the quasi-stable state is decreased. This shorten- 
ing of the delay becomes more pronounced as the width of the triggering pulse 
increases. 

The collector-coupled or plate-coupled circuits may also be triggered 
with ‘pulses of such polarity that the nonconducting device is brought out of 


Cc, 

l : Q2 on 

Fig. 11-21 Triggering of a monostable multi through a diode 
so as to bring the on triode below cutoff. The indicated 

polarities are also valid for a plate-coupled multi. !f p-n-p 


transistors are used, the diode and the supply polarities must 
be reversed and a positive trigger is required. 
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cutoff, but this method is subject to the difficulties listed in Sec. 10-7 in con- 
nection with triggering of a binary in this manner. As emphasized in that 
section, it is preferable to apply a pulse of the proper polarity to cause the on 
device A2 to go orFr. 

The triggering arrangement shown in Fig. 11-21 for an n-p-n transistor 
multi has a twofold advantage. First, it has the improved sensitivity of the 
multi to a negative signal applied to the on device. Second, at the instant 
of the transition the collector of Q1 drops, the diode no longer conducts, 
and the multi is unresponsive to the triggering signal until the quasi-stable 
state is completed. This second feature is particularly important in a case 
where the input signal is not a short trigger but is rather a continuous wave- 
form such as a sine wave. 


11-11 THE MONOSTABLE CIRCUIT ADJUSTED 
FOR FREE-RUNNING OPERATION 


The monostable multi circuit has a permanently stable state only if the stage 
A1 is able to remain cut off indefinitely. We inquire now into the matter of 
what happens when the bias on A1 is adjusted so that A1 is not able to remain 
cut off. For this purpose consider the emitter-coupled circuit of Fig. 11-13, 
with V adjusted so that its value exceeds Vinax. ‘This configuration has no 
stable state but instead has two quasi-stable states, between which the multi 
makes transitions periodically without the aid of external triggers. 

We shall now study qualitatively the waveforms which appear at the 
second base B, and the emitter Z. Assume that at t = 0, because of the past 
history of the circuit, the transistor Q1 is carrying a current I, while Q2 is 
below cutoff. Refer to Fig. 11-22. The voltage ven: is rising exponentially 
toward Vee while vgy is constant at Veni. This situation corresponds to 
the waveforms in Fig. 11-14 just prior to t= T. When the voltage at Bs 
passes the cutin point of Q2, namely, when vay, = Vewi + Vy2, @ regenerative 
transition occurs since now both transistors operate as amplifiers. The 
voltage at B2 jumps to a high value, as does also the voltage at E. As long 
as ven exceeds V — V,, ~ Veni, then Q1 remains cut off. However, vz is 
decreasing toward Vew: = Vinax — Voi, from Eq. (11-50). Since we have 
stipulated that V > Vmax, then at a time 7” after the first transition the volt- 
age at H will decrease to the point where vey = V — V,;. At this instant 
a reverse transition will take place, driving Q2 below cutoff. We have now 
returned to our assumed starting conditions, and the cycle of events pictured 
in Fig. 11-22 repeats itself. Ordinarily the time T’ is appreciably smaller 
than T’’. Usually a more symmetrical waveform is of advantage, and the 
symmetrical configuration of Fig. 11-23 is more commonly employed for a 
free-running multi. 

If R. or R, or both are selected to be quite small, it may happen that 
neither transistor is able even temporarily to keep the other transistor cut off. 
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Q1 ON | opr Qi on 


Q2 oFF Pa Q2 OFF 


Vino +152 7p t Vv, 


UBN2 


| Vent Vya 
Fig. 11-22 The waveforms at B, and E 


for the emitter-coupled multi with 
V > Viniax- 


VEN 


Ven V- Vi Vem 


q = : 
= Vena = Vmax” Vy 
t=0 qT" qT" pi 


In such a case the circuit will behave approximately as a sinusoidal oscillator. 
The frequency of oscillation will be determined by the stray capacitances 
associated with the circuit. These circumstances would correspond to the 
case in which the loop gain of the circuit is not much in excess of unity. 

Another possibility is that V is so much in excess of Vmax that it is impos- 
sible to cut Q1 off. Under this condition both transistors would remain on 
indefinitely. 

The above discussion applies in a general way to the cathode-coupled 
multi and also to the plate-coupled circuit. In the tube circuit the overshoot 
at Ge causes a pronounced undershoot at P. and hence at Gi. This undershoot 
at G, keeps V1 orr temporarily. Because there is so little undershoot in the 
waveform at the collector of Q2 and the base of Q1 in the collector-coupled 
multi (Fig. 11-10), it is difficult to adjust this circuit for free-running operation. 
If the magnitude of V gz is too small, then both transistors will be conducting 
permanently. 


11-12 THE ASTABLE COLLECTOR-COUPLED MULTI 


The circuit diagram for a free-running collector-coupled multi using p-n-p 
transistors is given in Fig. 11-23. Since capacitive coupling is used between 
stages, neither transistor can remain permanently cut off. Instead, the circuit 
has two quasi-stable states, and it makes periodic transitions between these 
states. 


Sec. 17-12 


Fig. 11-23 The collector-coupled 
astable multi. 


The waveforms at the bases and collectors for the multi of Fig. 11-23 
are shown in Fig. 11-24. We consider that immediately before ¢ = 0, transis- 
tor @2 is in saturation and carrying the collector current J while Q1 is below 
cutoff. Hence, for t < 0, vs: is positive, v1 = —Vec, vs2 = Vex(sat), and 
vc2 = Ver(sat). The capacitor C; charges through Ry, and vz; falls exponen- 
tially toward —Vcc. Att = 0,'the base B, reaches the cutin voltage V, and 
Q1 conducts. As Q1 goes to saturation, vc; rises by 7R, to Veg(sat), as 
indicated in Fig. 11-246. The rise in ve, causes an equal rise of JR, in vge 
since the two are capacitively coupled. The rise in vg. cuts off Q2, and its 
collector falls toward —Vec. This fall in vee is coupled through capacitor 
C, to the base of Q1, causing the undershoot 6 in vs, of Fig. 11-24@ and the 


Q1 oFF 
Q2 on 


“@Q1 ON Q1 oFF 
Q2 or Q2 on 
t=0 t=T, t=T,+T,=T 


Fig. 11-24 Waveforms of the col- 
lector-coupled free-running multi of 
Fig. 11-23 with p-n-p transistors. At 
t = 0-, the first stage, QI, is orr 
and the second stage, Q2, is on. 
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abrupt drop by the same amount 4 in vg: The equivalent circuit for caleu- 
lating 4 is identical with that in Fig. 11-12. The analytical expression for 6 is 
the same as that for the collector-coupled monostable multi [Eq. (11-15)], with 
the base current I’, at the overshoot given by Eq. (11-16). The waveforms at 
the base of Q1 and the collector of Q2 change exponentially with the time 
constant 7’ = (R, + tw)C1 to the levels V, and —Vec, respectively. 

The voltage vse is TR. + V. at t = 0+ and decreases exponentially with 
time constant 7. = RC, toward —Vec. Att = T2, Bz reaches the cutin level 
V, and a reverse transition takes place. The waveshapes in the first stage 
during the interval 7, are the same as the waveforms in the second stage 
during the interval 7, and are depicted in Fig. 11-24. If the base time con- 
stants are different for the two transistors, the durations of the two portions 
of a complete cycle are not alike. 

For a free-running multi using n-p-n transistors the voltages and currents 
are the negative of those for a circuit with p-n-p devices. Hence, all the wave- 
forms in Fig. 11-24 must be inverted if n-p-n transistors are used. 


Timing Considerations The time for each portion of the cycle is found 
from the equations in Sec. 11-4. The period 7 is given approximately by 


T=7T,+ T. = 0.69(RiCi + R2C2) (11-76) 
For a symmetrical circuit with Ri = Ro = Rand Ci =(,:=C 
T = 1.38RC (11-77) 


The frequency of oscillation may be varied over the range from cycles to 
megacycles per second by adjusting R or C. It is also possible to change T 
electrically by connecting R, and R: to an auxiliary voltage — V (the collector 
supply remains —Vec). If V is varied, then T changes in accord with the 
equation 


T = 2RC In (1 £ ree) (11-78) 


provided that V is large compared with the junction voltages (Prob. 11-38). 
Such a circuit is a voltage-to-frequency converter. If each resistor R is replaced 
by a transistor which acts as a constant-current source for charging C, then 
excellent linearity between frequency and voltage may be attained.® 

As with the monostable collector-coupled circuit (and subject to the same 
approximations) the period 7 is independent of the supply voltage, junction 
voltages, temperature, etc. However, if the temperature variations of the 
junction voltages and of the reverse saturation current Iczo are taken into 
account, then we must make the correction given in Sec. 11-4 which indicates 
that the period will decrease, or that the frequency will increase with an 
increase in temperature. 

In Fig. 11-24 we note that there is a transient (of time constant 7’) associ- 
ated with the waveforms of a transistor when it is driven heavily into satura- 
tion. Each collector waveform has one rounded edge because of the time 
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required for this transient to die down. This recovery time ¢, may be an 
appreciable fraction of the half period T/2 of a symmetrical multi, as we shall 
now demonstrate. We have 


t= 2.2r' = 2.2(Re-+rw)C~22RC and f= 0.60RC 
where R = Ri = R». Hence 
tf _22R. 4, Rh. 
T/2~ 069k ~ 2? RB ad) 
If we neglect the junction saturation voltages, then 
_ Vee _ Vee 
Io = R, and Ip = 7. 
To ensure saturation, Iz > Ic/hrg. Hence 
R <hrkR. (11-80) 
and 
t. 3.2 
T/3 = hee hey) 


For example, if (hrz)min = 16, then the recovery time will be at least 20 per- 
cent of the half period. 


Other Astable Multis A collector waveform with vertical edges is 
obtained by the addition of two diodes and two resistors? as indicated in Fig. 
11-25. If Q1 is driven orr its collector falls immediately to — Vcc so that D1 is 
reverse-biased and Q2 goes into saturation. The saturation base current of Q2 
passes through C, and R; rather than through R.. Since J’; no longer passes 
through R, the collector waveform now has vertical edges, as desired. 

A disadvantage of the astable multi is the possibility that both transistors 
will go into saturation simultaneously and remain in this state. " This “blocked 
condition’’ is likely to take place if the supply voltage is increased slowly from 
zero to its full value Vcc, but not if the voltage is applied suddenly. A circuit 
which cannot block is given in Prob. 11-39. 

A circuit which may be forced to start (or stop) oscillating at definite 
times is obtained by adding a transistor Q3 in series with the emitter of QJ 


Fig. 11-25 The addition of diodes 
D1 and D2 and resistors 23 to the 
collector-coupled astable multi of 
Fig. 11-23 results in a collector wave- 
form with vertical edges. 
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Fig. 11-26 A gated astable multi. 


or Q2 in Fig. 11-23. Such a gated square-wave oscillator is indicated in Fig. 
11-26. The input voltage v; to the base of Q3 may take on one of two values 
(as would be the case if v; were obtained from a flip-flop). One voltage is such 
that Q3 is orr. Then Q1 is orr, Q2 is on, and the circuit is quiescent (not 
oscillating). The second binary level is chosen such that Q3 is driven into 
saturation. Hence, at the instant (say ¢ = 0) that this voltage is applied, 
Q1 goes on and Q2 is driven orF. The circuit operates as an astable multi 
with waveforms which are essentially those in Fig. 11-24 starting abruptly 


- att =0. 


11-13 THE ASTABLE PLATE-COUPLED MULTI 


If a “square-wave generator” is desired with voltage swings in excess of those 
which can be tolerated by a transistor (the base-to-emitter reverse voltage is 
quite low for many transistors), then the vacuum-tube free-running multi of 
Fig. 11-27 may be used. The discussion of the latter circuit follows along lines 
similar to those given in the preceding section for the analogous transistor 
astable multi of Fig. 11-23. 

The waveforms at the plates and grids of the circuit of Fig. 11-27 are 


shown in Fig. 11-28. We consider that at the time immediately before ¢ = 0, 


Vep 


Fig. 11-27 The plate-coupled astable 
multi. 
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Viorr| V1 on V1 oFF | 
V2on | V2 orF V2 on 
t=0 t=T, t=T\+T=T 


Ver 


x Qo 


Fig. 11-28 Waveforms of the plate- 
coupled free-running multi of Fig. 
11-26, 


() 


UGa 


(2) 


tube V2 is in clamp and carrying a current Ip while V1 is below cutoff. Hence, 
for ¢ < 0, vai is more negative than V,, vp1 = Vep, ve. = 0, and 


vp2 = Vpp — IpRy 


The capacitor C, charges through R:, and vq, rises exponentially toward V pp. 
At ¢ = 0 the grid G, reaches the cutoff voltage V,.. Tube V1 conducts and 
its plate voltage falls: Since P, is capacitively coupled to G2, tube V> is 
driven to cutoff, causing P, to start to rise toward Vpp. The voltage rise at 
plate P. is transferred to G., causing the customary grid. overshoot at G. 
The amplitude of this overshoot is calculated in precisely the same manner 
as the grid overshoot which occurs in the plate-coupled monostable multi of 
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Fig. 11-5. The grid current JG is given by Eq. (11-7), with J, replaced by the 
clamped current Ip. 

If the tube current at the moment of the overshoot is J’p, then the cor- 
responding undershoot at the plate P, will carry the plate from Vpp (at 
t = 0—) to Vpp — IR, (at t = 0+), and Gz will change from zero (clamp) 
to —I>R,. The abrupt portion of the rise at P, is the same in amplitude as 
at the grid G, and therefore is of magnitude reIg — Vy. The overshoot at 
G, and the undershoots at G, and P, decay with a time constant (Rp + r@)C1, 
which is the time constant also with which vp: eventually attains the level 
Vpp. After the overshoot has decayed, the grid G2 is left at the voltage 
—IpR,, from which point it rises toward Vpp with the time constant R2C2. 
When G, reaches the cutoff level, the reverse transition occurs. The second 
part of the cycle produces the same waveshapes as does the first part described 
above except for the fact that if the grid time constants are different, the 
duration of the individual portions of a complete cycle are different. 

The essential differences between the vacuum-tube and the transistor 
astable waveshapes of Figs. 11-28 and 11-24 are the following: (1) The 
waveshapes of Fig. 11-24 correspond to a device in which the charge carriers 
are holes, whereas in the tube circuit the carriers are electrons. Hence, the 
waveforms in Fig. 11-24 should be inverted (as they would be for n-p-n tran- 
sistors) before they are compared with the waveshapes in Fig. 11-28. (2) 
When a grid is driven positive a plate current J’ in excess of the clamped 
current Ip is drawn. In the transistor circuit there may be an overshoot 
at the base, but the resultant collector current is essentially the saturation 
current I¢ ~ Voc/Re. In other words, there is no J/g in Fig, 11-24 correspond- 
ing to Zp in Fig. 11-28. (3) The cutoff voltage V, for a tube is of the order of 
several volts (or tens of volts), whereas the corresponding quantity for a 
transistor is at most a few tenths of a volt. (4) The voltage swings in the 
tube circuit are usually at least 10 times those in the transistor multi. 

The time durations of the overshoots in Fig. 11-28 are ordinarily very 
small in comparison with the times required for C, to charge through A, and 
C, to charge through Rs. Using Eq. (11-2), we find that the time required 
for a complete cycle is (neglecting the overshoot times, assuming the output 
impedance R, to be small compared with R; or R2, and taking V, = 0) 

Veep + IpRy — 

Vep ~ Vy 
We may neglect V, in comparison with Vpp. Then for values of plate swing 
IpR, which vary all the way from one-fourth to three-fourths of Vp, the log- 
arithm in Eq. (11-82) varies only between 0.25 and 0.55. Hence, as a rough 
but useful general approximation, 


 BiCi + BiCs 
2 


T= T, + Ts = (Ril, + R:C2) In (11-82) 


T = RC (11-83) 


in the symmetrical case when RiC, = RC, = RC. 
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Since the plate characteristic for V¢ = 0 can be approximated by a 
straight line through the origin, Zp, is roughly proportional to Vpp. As a 
first approximation —V, = Vpp/p. Under these circumstances the factor 
Vpp can be canceled in the numerator and the denominator of Eq. (11-82). 
Thus, the frequency of the multi will vary only on the order of several percent 
for a supply-voltage variation of the order of 100 V. 

If Ri and R,z are returned not to Vpp but to an auxiliary adjustable 
supply V, then the period may be varied by changing V. The expression for 
T is given by Eq. (11-82), with Vpp replaced by V but with Jp remaining the 
clamped current corresponding to Vpp (Prob. 11-40). Such a circuit would 
operate as a voltage-to-frequency converter. 


11-14 THE ASTABLE EMITTER-COUPLED MULTI‘ 


The circuit diagram for a free-running emitter-coupled multi using n-p-n 
transistors is given in Fig. 11-29, and the waveforms are shown in Fig. 11-30. 
Three power supplies are indicated for the sake of simplifying the analysis. 
A more practical circuit using one supply is indicated in Fig. 11-31. We shall 
assume that the circuit operates in such a manner that Q1 switches between 
cutoff and saturation and Q2 switches between cutoff and its active region. 


Calculations at é = ¢, — Since Q1 is on and Q2 is orr just before the 
transition at ¢ = t:—, we have 


venrlti—) = Veer (11-84) 


veni(ti—) = Vex — Var(sat) = Vaz — Ve (11-85) 
vewi(ti—) = Vane = Ven1 + Vor(sat) = Ves — Ve + Ver(sat) 
(11-86) 


Fig. 11-29 The astable 
emitter-coupled 
multivibrator. 
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Van — Ve, + Vox (sat) 
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Fig. 11-30 Waveforms of the emitter-coupled multi. . 
The voltage V, is given by Eq. (11-92). (The values in 
volts given in the parentheses refer to the illustrative 
problem on page 449.) 


During the interval preceding { = ti the capacitor C charges from a fixed 
voltage Vaz — V. through the resistor R.2. All circuit voltages remain con- 
stant except vgn, which falls asymptotically toward zero. The transistor Q2 
will begin to conduct when vews falls to 


Vene(ti—) = UBN2 — V, = Vas — Vet Ver(sat) ancl Vy (11-87) 
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Calculations até = t4:+ When Q2 conducts, vey: and veyi rise. As vei 
rises, Q1 comes out of saturation and vey: (= vay) also increases, causing a 
further increase in the current in Q2. Because of this regenerative action QI 
is driven oFrF and Q2 is driven into its active region where its base-to-emitter 
voltage is Vers, its base current is Ig2, and its collector current is I¢2. From 
Fig. 11-30 we see that after the transition, at t{ = i+, 


venrx(tit) = Veer — Ic2Ree (11-88) 

venr(tit) = vgneltit) = Veer — Ia2Rer (11-89) 

vewe(tit) = vewe(tit) — veee(tit) = Veer — IseRe — Vere 
(11-90) 


At #, there is an abrupt change V p in ven (Fig. 11-30c). Because of the capaci- 
tive coupling between emitters there must also be the same discontinuity 
Vp in vgn, (Fig. 11-30a). Hence 


Vo = veniltit) — vewi(ti—) = vewe(tit) — vewe(ti—) (11-91) 
Substituting from Eqs. (11-85), (11-87), and (11-90) into (11-91), we obtain 
veni(it+) = Veer — Ie2Rer — Vaz2 — Ven(sat) + Vy = Vy (11-92) 


In all the above equations the quantities which appear, aside from the 
currents I'52 and Jg2, either are known supply voltages or else may be estimated 
with adequate accuracy from Table 6-1. The currents with Q2 in the active 
region are related by Ic: = hrglg2. We shall now estimate Zc: For this 
purpose we make the approximations that all transistor-junction voltages are 
zero and that the voltage J2R.1 is small enough so that it may be neglected in 
comparison with Vcc. Subject to these approximations 


veni(lit) = vene(tit) = Veer 


At é = 4+, the current in Ris veni(it)/Re ~ Vooi/ Rei and the current in 
Ryo is vewa(tit)/Ree ~ Veci/Ree. Since at this time Q1 is orr, the sum of the 
currents in the emitter resistors must be supplied by Q2. Hence 
yes Vee ~ Veer 
c2 R. B2 hee R. 


where R, is the parallel combination of R., and Re: 


(11-93) 


The Period The interval 7, when Q2 conducts and @Q1 is orF ends at 
t = tz, The transistor Q1 will turn on when the base-to-emitter voltage 
reaches the cutin value V, or when V xy: reaches the voltage © 


vgni(te—) = Vea — V, (11-94) 


Since the base voltage of Q1 is fixed, then to carry the transistor from the 
cutin point to saturation the emitter must drop. However, this drop 4 in Fig. 
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© Voc (30 V) 


Fig. 11-31 A practical 
emitter-coupled multi- 
vibrator. (The values in 
parentheses refer to the 
illustrative problem on 
page 449.) 


11-30a is small since, from Table 6-1, 6 = V, — Vy ~ 0.2 V. In Fig. 11-30c 
there is indicated an identical jump 4 in vey2 because the emitters are capaci- 
tively coupled. After ¢ = ts, in the interval T2, conditions are the same as 
they were for ¢t < ¢, at the beginning of the discussion. Therefore the cycle 
of events described above is repeated and the circuit behaves as an astable 
multi. In Fig. 11-30 we have indicated all voltage levels in terms of the circuit 
parameters, the transistor-junction voltages which may be read from Table 
6-1, the currents in Q2 which may be calculated from Eqs. (11-93), and Vi as 
given by Eq. (11-92). 

We see from Fig. 11-30a that the voltage ven, starts at Vy at ¢ = t+ 


and falls to Vaz ~ V,att = t2—. Since this decay is exponential with a time 
constant R.iC and is approaching zero asymptotically, we calculate 
Risk Cue 2s (11-95) 
Ves — Vy 


Assuming that the supply voltages are large in comparison with the junction 
voltages and assuming also that Ip2R.1 K Voce: (or equivalently, hrzR. >> Rei), 
we find 

Veer 
Var 


T, ~ RaC in (11-96) 
Subject to the same approximations T is also given by Eq. (11-96) with Rei 
replaced by R.2, and hence the frequency of oscillation is independent of the 
transistor parameters. If Vcc; and Ves are arranged to be proportional to 
one another, then the frequency is independent of the supply voltages. 

When Q1 is oFF its collector-to-ground voltage is approximately Veci 
and equals the base-to-ground voltage of Q2. Since it is desired that Q2 be in 
its active region, then Vgws should be less than Vewe2 or Veer < Veco. Since 
Q1 is to be driven into saturation, then its base voltage may be almost as large 
as its collector supply voltage. However, to avoid driving Q1 too deeply into 
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saturation it is better to arrange that Vas < Vee. A circuit which uses a 
single supply and which satisfies the requirements that V gs be proportional to 
Veciand that Ves < Vee1 < Veeoisshown in Fig. 11-31. Since C’ isa bypass 
capacitor intended to maintain Vz constant, it is not involved in the operation 
of the circuit. Weassume that R, and R, are small enough so that the voltage 
V np at the junction of Ri and R2 remains nominally constant during the entire 
cycle of operations of the multi. Using Thévenin’s theorem we see that the 
circuit of Fig. 11-31 is of the same form as that of Fig. 11-29 with Veer = Vee 
and with 


R'R" 
Ra = R’ + R" (11-97) 
and 
R" R’ 
Veo = Vee pn R’ +R" + Vas pop B B+ R" (11-98) 


EXAMPLE Inthe circuit of Fig. 11-31, Vec = 30 V, Re = OR, < «K BR”, C= 0.1 aE, 
Ri = 0.2K, R’ = R” = 1K, and Ra = Re = 3.8K. Calculate (a) the voltage 
levels of the waveforms and (6) the frequency of oscillation. Assume silicon 
transistors with hrz = 30. 


Solution a. We shall assume that Q1 saturates and Q2 does not, and we shall 
justify this assumption later. We have 


: Re 
Var = = = 30V 
BB R+ RP. ry Veo = § X 80 = 20V Veer = 30 


and from Eqs. (11-97) and (11-98) 
1x1 


Ra = 7 7 05K Veer. = + X 30+ 4 X 20 = 25V 
From Eqs. (11-93) 
25 15 
Io. = ——— = 15mA Ip = —~ = 0.5mA 
3372 00° 5 el ei 
and 
TaeRe = (0.5)(0.5) = 0.25V — Teokee = (15)(0.2) = 3V 


From Table 6-1, Vy = 0.5 V, Ver = 0.6 V, Ve = 07 ¥, and Vex(sat) = 0.3 V. 
From Eq. (11-92) 


V, = 25 — 0.25 — 0.6 —03+0.5 = 243V 


All the voltage levels may now be written down from the expressions given in Fig. 
11-30 and are indicated in parentheses on that diagram. 

We may now verify that when Q2 is conducting, it is in its active region. At 
t = t:+ we find from Fig. 11-30 that the collector junction voltage is 


vena(tit+) = ven2(ti +) = vpne(tit) = 27.0 — 24.7 = 2.3 Vv 
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Since we are using n-p-n transistors, then the collector junction of Q2 is reverse- 
biased by 2.3 V and Q2 is therefore in its active region. 

If R.2 is increased (beyond 0.35 K for the circuit under consideration) so that 
Ven2(t:+) becomes smaller than vgye(ti+), then vcae(t:+) reverses sign and Q2 goes 
into saturation. Such a mode of operation is undesirable because in saturation 
the base current may be large and hence the wayeforms and the timing will both 
depend upon the saturation parameters of the transistor. 

Let us verify that Q1 is in saturation when conducting. Att = t:— when 
Q1 is on and Q2 oFF, vzw; = 19.3 V and ven: = 19.1 V, and hence the magnitude 
of the emitter current of Q1 is 19.3/3.3 + 19.1/3.3 = 11.6 mA. If Q1 were in its 
active region we could neglect the base current and then the collector current 
would be 11.6mA. Under these circumstances ven, = 25 — (11.6)(0.5) = 19.2 V. 
Hence veg; = veni — Yeni = 19.2 — 20 = —0.8 V, which means that the collector 
junction is actually forward-biased. Hence, Q1 must be in saturation and not in 
the active region. With Q1 in saturation 

Vece1 — Ven1 25 — 19.6 

Io = ———>— 


= ———— = 10.8mA 
Ra 0.5 


Hence the base of Q1 must supply a current of 11.6 — 10.8 = 0.8 mA. 

The lower voltage level of vow: is quite constant because Q1 is in saturation. 
The lower level of vew2 has a slight upward tilt (not shown in Fig. 11-30d) since 
Ic2 decreases slightly during the on time 7, of Q2. The emitter current of Q2 
which flows through R,, and C decreases during 7, from 24.3/3.3 to 19.5/3.3 mA. 
This 20 percent reduction produces a 10 percent tilt on the lower level of vene since 
only one-half of the current in Q2 comes through C. 

The sloping portions of the emitter waveforms fall from about 24 to 19 V 
during an exponential decay which has 0 V as its asymptotic limit. These sloping 
portions are therefore quite linear in appearance and are so indicated in Fig. 11-30. 


b. From Eq. (11-95) 
24.3 T 


T, = 3.3 X 108 X 1077 In "> = 7.28 X 10-8 see = Tr = + 
: shades ™ 20 — 0.5 ey eee 


A value of 7.36 is obtained from the approximate formula (11-96). The frequency 


f == = -————_ Hz = 6.87 kHz 


PAE RPCIS ON EEE EEL RCRA AREER DAR OM BE ATOR, ORAM Sat Rea ESSN 5 SLIME GASES aS ARSE RS PLM EASTRE SAS ALAA ASONOESEE He SR 


Note that although Q1 operates in saturation it does so only because of 
the additional current delivered to it through C. If the capacitor C were 
removed (in which case, of course, the circuit would not oscillate) Q1 would 
not be in saturation. Such a situation is fortunate. If it were possible for 
Q1 to be in saturation before the circuit started oscillations, it might never 
start. For with Q1 in saturation the loop gain would not exceed unity and 
regeneration would not be possible. It is necessary, as a matter of fact, 
for reliable operation, to arrange d-c operating conditions (i.e., with C removed) 
so that neither transistor is in saturation. 


Sec. 11-14 MONOSTABLE AND ASTABLE MULTIVIBRATORS / 451 


The advantages of the emitter-coupled astable multi over the collector- 
coupled circuit of Fig. 11-23 are as follows: (1) It is inherently self-starting. 
(2) It makes an output available at the collector of Q2 which is connected to no 
other part of the circuit. Since this collector is not involved in the regenerative 
action, it may be loaded heavily, even capacitively. (3) The output is free of 
recovery transients such as appear in Fig. 11-24. (4) It has an isolated input 
at the base of Q1 which may be used conveniently for synchronization. (5) 
It uses only one timing capacitor. This feature makes frequency adjustment 
convenient. Ina multi with two capacitors both capacitors need to be changed 
if the frequency is to be changed without changing the relative values of 7 and 
T:. The disadvantages of the circuit of Fig. 11-31 over that of Fig. 11-23 are 
the following: (1) The former circuit is more difficult to adjust for proper 
operating conditions. We require that, in the quiescent state (C removed), 
' neither Q1 nor Q2 should saturate, but that when the circuit is operating as a 
multi, Q1 should be driven to saturation, while Q2 is driven into its active 
region. (2) Since there is only a single capacitor and since the emitter resistors 
cannot be widely different from one another, the present circuit cannot be 
operated with 7, and T. widely different. (3) The emitter-coupled. multi 
uses more components than does the collector-coupled circuit. 
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'7 /NEGATIVE-RESISTANCE 


DEVICES 


A number of devices which find extensive application in pulse and 
switching circuitry are most conveniently characterized in terms of a 
volt-ampere curve which displays, over a limited range, a negative 
incremental resistance. In this chapter we describe the physical 
principles which account for this characteristic in the tunnel diode, the 
unijunction transistor, the p-n-p-n diode, the silicon controlled switch, 
and the thyristor. In the following chapter, circuits are constructed 
with these negative-resistance devices’and it is demonstrated that 
bistable, monostable, and astable operation are possible. 


12-1 THE TUNNEL DIODE 


A p-n junction diode of the type discussed in Sec. 6-1 has an impurity 
concentration of about 1 part in 10%. With this amount of doping 
the width of the depletion layer, which constitutes a potential barrier 
at the junction, is of the order of 5 microns (5 X 10-4 cm). This 
potential barrier restrains the flow of carriers from the side of the 
junction where they constitute majority carriers to the side where they 
constitute minority carriers. If the concentration of impurity atoms 
is greatly increased, say to 1 part in 10%, then the device characteristics 
are completely changed. This new diode was announced in 1958 by 
Esaki,! who also gave the correct theoretical explanation for its volt- 
ampere characteristic, which is depicted in Fig. 12-1. The width 
of the junction barrier varies inversely as the square root of impurity 
concentration and therefore is reduced from 5 microns to about 
100 A (10-* cm). This thickness is only about one-fiftieth the wave- 
length of visible light. Classically, a particle must have an energy 
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Forward voltage 
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Fig. 12-1 Volt-ampere characteristic of a tunnel diode. 


at least equal to the height of a potential barrier if it is to move from one side 
of the barrier to the other. However, for barriers as thin as those estimated 
above in the Esaki diode, quantum mechanics dictates that there isa large 
probability that an electron will penetrate through the barrier. The quantum- 
mechanical behavior is referred to as ‘“‘tunneling,” and hence these high- 
impurity-density p-n junction devices are called ‘tunnel diodes.” This same 
tunneling effect is responsible for high-field emission of electrons from a cold 
metal and for radioactive emissions. 

As a consequence of the tunneling effect and the band structure of heavily 
doped semiconductors the volt-ampere characteristic of Fig. 12-1 is obtained.?* 
The device is an excellent conductor in the reverse direction (p side of junction 
negative with respect to the n side). Also, for small forward voltages (up to 
50 mV for Ge) the resistance remains small (of the order.of 5 2). At the 
peak current Ip corresponding to the voltage Vp the slope dI/dV of the char- 
acteristic is zero. If V is increased beyond Vp, then the current decreases. 
As a consequence the dynamic conductance g = dI/dV is negative. The 
tunnel diode exhibits a negative-resistance characteristic between the peak 
current Jp and the minimum value Jy, called the valley current. At the valley 
voltage Vy at which J = Jy the conductance is again zero, and beyond this 
point the resistance becomes and remains positive. At the so-called peak 
forward voltage Vr the current again reaches the value Ip. For larger voltages 
the current increases beyond this value. The portion of the characteristic 
beyond Vy is caused by the injection current in an ordinary p-n junction diode. 
The remainder of the characteristic is a result of the tunneling phenomenon in 
the highly doped diode. 

For currents whose values are between Jy and Jp the curve is triple-valued, 
because each current can be obtained at three different applied voltages. 
It is this multivalued feature which makes the tunnel diode useful in pulse and 
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R, L, 
Fig. 12-2 (a) Symbol for a tunnel 
© -Rn diode (Ref. 4); (b) small-signal model 
in the negative-resistance region. 
(2) (6) 


digital circuitry (Chap. 13). Note that whereas the characteristic in Fig. 12-1 
is a multivalued function of current, it is a single-valued function of voltage. 
Each value of V corresponds to one and only one current. Hence, the tunnel 
diode is said to be voltage-controllable. The vacuum-tube tetrode is another 
negative-resistance device belonging to the voltage-controllable class. On 
the other hand, there also exist negative-resistance devices whose character- 
istics are multivalued functions of voltage but are single-valued with respect 
to current. These current-controllable devices (for example, the unijunction 
transistor, the p-n-p-n diode, etc.) are discussed later in this chapter. 

The standard circuit symbol‘ for a tunnel diode is given in Fig. 12-2a. 
The small-signal model for operation in the negative-resistance region is 
indicated in Fig. 12-2b. .The negative resistance — R, has a minimum at the 
point of inflection between Jp and Jy. The series resistance R, is ohmic 
resistance. The series inductance L, depends upon the lead length and the 
geometry of the diode package. The junction capacitance C’ depends upon 
the bias and is usually measured at the valley point. Typical values for 
these parameters for a tunnel diode of peak current value [p = 10 mA are 
—R, = —309, R, = 19, L. = 5 nH, and C =. 20 pF. 

Our principal interest in the tunnel diode is its application as a very high 
speed switch. Since tunneling takes place at the speed of light, the transient 
response is limited only by total shunt capacitance (junction plus stray wiring 
capacitance) and peak driving current. Switching times of the order of a 
nanosecond are reasonable, and times as low as 50 psec have been obtained. 

The most common commercially available tunnel diodes are made from 
germanium or gallium arsenide. It is difficult to manufacture a silicon tunnel 
diode with a high ratio of peak-to-valley current Ip/Iy. Table 12-1 summa- 
rizes the important static characteristics of these devices. The voltage values 
in this table are determined principally by the particular semiconductor used 


TABLE 12-1 Typical tunnel-diode 
parameters 
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and are almost independent of the current rating.. Note that gallium arsenide 
has the highest ratio Ip/Zy and the largest voltage swing Vr — Vp ~ 1.0 V. 
as against 0.45 V for germanium. 

The peak current Ip is determined by the impurity concentration (the 
resistivity) and the junction area. A spread of 20 percent in the value of 
Ip for a given tunnel-diode type is normal, but tighter-tolerance diodes are 
also available. For computer applications, devices with Jp in the range of 
1 to 100 mA are most common. However, it is possible to obtain diodes 
whose Jp is as small as 100 uA or as large as 100 A. 

The peak point (Vp, Zp), which is in the tunneling region, is not a very 
sensitive function of temperature. Commercial diodes are available* for 
which Ip and Vp vary by only about 10 percent over the range — 50 to + 150°C. 
The temperature coefficient. of Jp may be positive or negative, depending 
upon the impurity concentration and the operating temperature, but the 
temperature coefficient of Vp is always negative. The valley point Vy, 
which is affected by injection current, is quite temperature-sensitive. The 
value of Zy increases rapidly with temperature and at 150°C may be two or 
three times its value at —50°C. The voltages Vy and Vy have negative 
temperature coefficients of about 1.0 mV/°C, a value only about half that 
found for the shift in voltage with temperature of a p-n junction diode or 
transistor. These values apply equally well to Ge or GaAs diodes. Gallium 
arsenide devices show a marked reduction of the peak current if operated at 
high current levels in the forward injection region. However, it is found 
empirically? that negligible degradation results if, at room temperature, the 
average operating current J is kept small enough to satisfy the condition 
I/C <0.5 mA/pF, where C is the junction capacitance. Tunnel diodes are 
found to be several orders of magnitude less sensitive to nuclear radiation than 
are transistors. 

The advantages of the tunnel diode are low cost, low noise, simplicity, 
high speed, environmental immunity, and low power. The disadvantages 
of the diode are its low output-voltage swing and the fact that it is a two- 
terminal device. Because of the latter feature, there is no isolation between 
input and output, and this leads to serious circuit-design difficulties. Hence, 
a transistor (an essentially unilateral device) is usually preferred for frequen- 
cies below about 1 GHz (a kilomegacycle per second) or for switching times 
longer than several nanoseconds. The tunnel diode and transistor may be 
combined advantageously, as indicated in Sec. 13-11. 


12-2 THE BACKWARD DIODE 


A tunnel diode designed to have a small peak current (Zp of the order of Iv) 
may be used to advantage, in the reverse direction, for purposes for which the 
conventional diode is employed in the forward direction. The volt-ampere 
characteristic of such a “tunnel rectifier” is shown in Fig. 12-3. Because 
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this device is a better conductor in the reverse than in the forward direction 
it is also called a “backward diode’’ or simply a ‘‘back diode.’ In the neigh- 
borhood of zero voltage, in response to either a forward-biasing or reverse- 
biasing voltage, the tunnel diode responds with a current which is large in 
comparison to the corresponding current in a conventional diode. These large 
currents are a result of the tunneling effect. In the back diode, the current 
due to tunneling is large only in the reverse direction. For this reason the 
back diode is also called the ‘‘unitunnel diode.” 

The high-conduction portion of the volt-ampere characteristic of Fig. 12-3 
is in the third quadrant. Since this portion of the characteristic corresponds 
to the region of forward conduction in a conventional diode, it is customary 
to plot the back diode with the voltage and current scales both reversed. In 
the back diode, the “forward direction” of applied voltage is actually the 
direction where the p side of the diode is negative with respect to the n side. 
The appearance of the characteristics as normally supplied by manufacturers 
may be seen by turning the page upside down. 

The merits of the back diode are made clear in Fig. 12-4, where the 
“forward” characteristics at various temperatures of a typical silicon back 
diode are compared with the forward characteristics of a conventional diode. 
We note that the temperature sensitivity of the back diode is appreciably 
less than the sensitivity of the conventional diode. The back diode has a 
sensitivity of about —0.1 mV/°C (both silicon and germanium), compared, as 
we have seen, with about —2 mV/°C for the conventional diode. We observe 
further that while the conventional silicon diode has a break point, at room 
temperature, between 0.6 and 0.7 V, the back diode has a break point at 0 V. 
The back diode is therefore very useful when the rectifying action of a diode 
is required in connection with small-amplitude waveforms. Suppose, by way 


Fig. 12-3. A typical germanium bockward- 
diode characteristic. 
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of example, that a sinusoidal signal is applied to a rectifying circuit which 
consists of a diode and resistor in series. If the signal has an amplitude of, say, 
200 mV, and the diode is a conventional device (silicon or germanium), the 
diode will hardly conduct at any point in the cycle and the efficiency of rectifi- 
cation will be very poor. With a back diode the efficiency will be greatly 
improved. 


12-3 THE UNIJUNCTION TRANSISTOR® 


The construction of this device is indicated in Fig. 12-5a. A bar of high- 
resistivity n-type silicon of typical dimensions 8 X 10 X 35 mils, called the 
base B, has attached to it at opposite ends two ohmic contacts Bl and B2. 
A 3-mil aluminum wire, called the emitter EH, is alloyed to the base to form a 
p-n rectifying junction. This device was originally described in the literature 
as the double-base diode but is now commercially available under the designation 


Base, B B2 


i, 

n-type Si bar » 
Al rod 

my 

Ohmic 
tacts 
p-n-junction mn 
(a) Bl (b) 


Fig. 12-5 Unijunction transistor. (a) Constructional details; (6) 
circuit symbol (Ref. 4). 
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unijunction transistor (UJT). The standard symbol for this device is shown 
in Fig. 12-55. Note that the emitter arrow is inclined and points toward B1, 
whereas the ohmic contacts Bl and B2 are brought out at right angles to the 
line which represents the base. 

As usually employed, a fixed interbase potential Vz is applied between 
Bl and B2. The most important characteristic of the UJT is that of the 
input diode between HF and Bi. If B2 is open-circuited so that Jp. = 0, then 
the input volt-ampere relationship is that of the usual p-n junction diode as 
given in Eq. (6-1). In Fig. 12-6 the input current-voltage characteristics are 
plotted for Iz2 = 0 and also for a fixed value of interbase voltage Vgz. The 
latter curve is seen to have the current-controlled negative-resistance character- 
istic which is single-valued in current but may be multivalued in voltage. A 
qualitative explanation of the physical origin of the negative resistance will 
now be given. 

If Jz = 0 then the silicon bar may be considered as an ohmic resistance 
Rez between base leads. Usually Raz lies in the range between 5 and 10 K. 
Between B1 (or B2) and the n side of the emitter junction the resistance is 
Ra (or Rago, respectively), so that Reg = Ra; + Rao. Under this condition 
of zero or very small emitter current the voltage on the 7 side of the emitter 
junction is 7Vps, where » = Rzi/Raez is called the intrinsic stand-off ratio. 
This parameter is specified by the manufacturer and usually lies between 
0.5 and 0.75. If Vz is less than 7V zz, then the p-n junction is reverse-biased 
and the input current Jz is negative. As indicated in Fig. 12-6, the maximum 
value of this negative current is the reverse saturation current Iz, which 
is of the order of only 10 uA even at 150°C. If Vag is increased beyond 4V az 
the input diode becomes forward-biased and J, goes positive. However, as 
already noted in connection with Fig. 12-6, the current remains quite small 
until the forward bias equals the cutin voltage V, (~ 0.6 V), and then increases 
very rapidly with small increases in voltage. We must now take account 
of the conductivity modulation of the base region due to Jz. 

The emitter current increases the charge concentration between FE and 
B1 because holes are injected into the n-type silicon. Since conductivity 
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Cutoff ! iret |___ Saturation 
region region H Tegion 


Emitter to base- Fig. 12-6 Idealized input charac- 
one diode teristic of a unijunction transistor. 
(Courtesy of General Electric 


Company.) 
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is proportional to charge density, the resistance Rg: decreases with increasing 
emitter current. Hence, for voltages above the threshold value V,, as Iz is 
increased (by either increasing V zg or decreasing Rx in Fig. 12-5b) the voltage 
Vz between E and B1 decreases because of the decrease in the value of the 
resistance Ry. Since the current is increasing while the voltage is decreasing, 
then this device possesses a negative resistance. : 

After the emitter current has become very large compared with Ig2, then 
we may neglect Iz2. Hence, for very large I, the input characteristic asymp- 
totically approaches the curve for Iz, = 0. As indicated in Fig. 12-6, this 
behavior results in a minimum or valley point where the resistance changes 
from negative to positive. For currents in excess of the valley current Iy 
the resistance remains positive. This portion of the curve is called the satura- 
tion region. The voltage at Iz = 50 mA is arbitrarily called the saturation 
voltage V z(sat) and is of the order of 3 V. 

At the maximum voltage or peak point Vp the current is very small 
(Ip ~ 25 wA), and hence the region to the left of the peak point is called the 
cutoff region. For many applications the most important parameter is the 
peak voltage Vp, which, as explained above, is given by 


Ve = nVant+ V, (12-1) 


In Sec. 6-1 we noted that V, ~ 0.6 and decreases about 2 mV/°C. (Both of 
these facts are approximated by replacing V, by 200/T,, where T is the junc- 
tion temperature in degrees Kelvin.) Since the temperature coefficient of 
Ra. is the same as that of Raz, then 7 = Rai/(Rai+ Raz) should be inde- 
pendent of temperature. Experimentally it is found that the temperature 
coefficient of » is less than 0.01 percent/°C and may be either positive or 
negative. To illustrate that Vp is quite insensitive to temperature, assume 
7 = 0.5, Ves = 20 V, and a temperature change from 25 to 125°C. At 25°C, 
Vp = 10.6 V. At 125°C the change due to V, is 0.2 V and due to 7 is a maxi- 
mum of 0.2 V. Hence V>p will decrease no more than 4 percent over the 100°C 
increase in temperature. The peak voltage can be made even much less 
sensitive to temperature by adding a small resistance R, in series with the 
B2 lead (Prob. 12-12). 

The peak current Ip varies inversely with the interbase voltage Vex and 
decreases with increasing temperature. Typically, a peak current of 10 pA 
at 25°C will reduce to about 6 uA at 125°C and increase to 12 nA at —55°C. 

A family of input characteristics for commercially available UJTs is 
indicated in Fig. 12-7a. Note that the peak voltage increases linearly with 
Ven, and observe also that the valley is very broad. Hence it is difficult to 
give the exact value of the valley current Jy, but the valley voltage Vy can 
be determined fairly accurately. The valley current has about the same 
temperature coefficient as the peak current. 

A family of output characteristics are given in Fig. 12-7b. The straight 
line for Jz =~ 0 indicates that with the emitter open-circuited the n-type 
silicon bar is essentially ohmic.‘ The reciprocal slope of this line gives Raz. 
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(a) (6) 
Fig. 12-7 Unijunction characteristics for types 2N489 through 2N494, (a) 
Input; (b) output. (Courtesy of General Electric Company.) 


For [zg = 50 mA the drop across Ra: is 3 Vevenif J52= 0. As JIg2is increased, 
Rai decreases, and the decreased drop across fa: offsets the increase in voltage 
across Rpe. Hence the voltage Vgz remains almost constant for small values 
of Zz2 (up to about 10 mA) and then rises with B2 current. 

We shall find when we discuss applications of the unijunction transistor 
that the input characteristics in Fig. 12-7a are much more important than the 
output curves of Fig. 12-7b. The most useful features of the UJT are its 
stable firing voltage Vp which depends linearly on Vzz, the low (microampere) 
firing current Ip, the stable negative-resistance characteristic, and the high 
pulse-current capability. 


12-4 THE FOUR-LAYER DIODE® 


Another device which exhibits a negative resistance and which finds extensive 
applications in switching circuits is represented in Fig. 12-8, together with its 
circuit symbol. The device consists of four layers of silicon doped alternately 


Anode Cathode 
) N AM, " Fig. 12-8 (a) A four-layer p-n-p-n 
(a 


diode; (b) standard circuit symbol 
A c (Ref. 4); (c) alternative symbol (not 
recommended). 
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J; Jy 


Base | Collector 


Emitter 


Fig. 12-9 (a) The p-n-p-n diode is 
redrawn to make it appear as two 
interconnected ‘‘transistors.'’ (b) (a) 
The two interconnected transistors 
are supplied current from a source 
through a resistor. 


Collector| Base | Emitter 
Jp dy 


() ae 


with p- and n-type impurities. Because of this structure it is called a p-n~p-n 
(often pronounced “‘pinpin”) diode or switch. The terminal P region is the 
anode, or p emitter, and the terminal N region is the cathode, or n emitter. 
When an external voltage is applied to make the anode positive with respect 
to the cathode, junctions J, and J; are forward-biased and the center junction 
J2 is reverse-biased. The externally impressed voltage appears principally 
across the reverse-biased junction, and the current which flows through the 
device is small. As the impressed voltage is increased, the current increases 
slowly until a voltage called the firing or breakover voltage V go is reached where 
the current increases abruptly and the voltage across the device decreases 
sharply. At this breakover point the p-n-p-n diode switches from its or¥ (also 
called blocking) state to its on state. 

In Fig. 12-9a, the p-n-p-n switch has been split into two parts which 
have been displaced mechanically from one another but left electrically 
connected. This splitting is intended to illustrate that the device may be 
viewed as two transistors back to back. One transistor is a p-n-p type, 
whereas the second is an n-p-n type. The N region that is the base of one 
transistor is the collector of the other, and similarly for the adjoining P region. 
The junction J. is a common collector junction for both transistors. In 
Fig. 12-9) the arrangement in Fig. 12-9a has been redrawn using transistor- 
circuit symbols, and a voltage source has been impressed through a resistor 
across the switch, giving rise to a current J. Collector currents Ic, and I¢2 
for transistors Q1 and Q2 are indicated. In the active region the collector 
current is given by Eq. (6-13), 


Ie = —alg + Ico (12-2) 
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with Ig the emitter current, Zco the reverse saturation current, and a the 
short-circuit common-base forward current gain. We may apply Eq. (12-2), 
in turn, to Ql and Q2. Since Jz, = +J and Ig. = —TZ, we obtain 


ler = ~apl + Icon (12-3) 

Tez = aI + Ico2 (12-4) 
For the p-n-p transistor Ico: is negative, whereas for the n-p-n device Ico: is 
positive. Hence, we write Ico. = —Ico1 = Ico/2. Setting equal to zero the 
sum of the currents into transistor Ql we have 

I+Ia— Ic. =0 (12-5) 


Combining Eqs. (12-3) through (12-5) we find 


I= Icoz — Leo. _ Ico (12-6) 


1 — a1 — am 1 — a1 — a 


We observe that as the sum a: + a2 approaches unity Eq. (12-6) indicates 
that the current J increases without limit; that is, the device breaks over. 
Such a development is not, unexpected in view of the regenerative manner 
in which the two transistors are interconnected. The collector current of 
Q1 is furnished as the base current of Q2, and vice versa. When the p-n-p-n 
switch is operating in such a manner that the sum a; + a: is less than unity, 
the switch is in its orr state and the current J is small. When the condition 
a1 + a2 = 1 is attained, the switch transfers to its oN state. The voltage 
across the switch drops to a low value and the current becomes large, being 
limited by the external resistance in series with the switch. 

The reason why the device can exist in either of two states is that at 
very low currents a; and a2 may be small enough so that a, + a: < 1, whereas 
at larger currents the a’s increase, thereby making it possible to attain the 
condition a, -+ a: = 1. Thus, as the voltage across the switch is increased 
from zero, the current starts at a very small value and then increases because 
of avalanche multiplication (not avalanche breakdown) at the reverse-biased 
junction. This increase in current increases a; and ae. When the sum of 
the small-signal avalanche-enhanced alphas equals unity, a, + ae = 1, breakover 
occurs. At this point, the current is large, and a; and az might be expected 
individually to attain values in the neighborhood of unity. If such were the 
case, then Eq. (12-6) indicates that the current might be expected to reverse. 
What provides stability to the on state of the switch is that in the on state the 
center junction becomes forward-biased. Now all the transistors are in 
saturation and the current gain @ is again small. Thus, stability is attained 
by virtue of the fact that the transistors enter saturation to the extent necessary 
to maintain the condition a1 + a2 = 1. 

In the on state all junctions are forward-biased, and so the total voltage 
across the device is equal very nearly to the algebraic sum of these three 
saturation junction voltages. The voltage drop across the center junction 
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J: is in a direction opposite to the voltages across the junctions J; and J3. 
This feature serves additionally to keep quite low (of the order of 0.7 V) 
the total voltage drop across the switch in the on state. 

The operation of the p-n-p-n switch depends, as we have seen, on the 
fact that at low currents, the current gain a may be less than one-half, a 
condition which is necessary if the sum of two a’s is to be less than unity. 
This characteristic of a is not encountered in germanium but is distinctive 
of silicon, where it results from the fact that at low currents an appreciable 
part of the current which crosses the emitter junction is caused by recombina- 
tion of holes and electrons in the transition region rather than the injection of 
minority carriers across the junction from emitter to base.’ In germanium 
it is not practicable to establish a1-+ a2 <1. Therefore germanium struc- 
tures incline to settle immediately in the on state and have no stable orr 
state. Accordingly, germanium p-n-p-n switches are not available. We shall 
see in the discussion below that the p-n-p-n structure and mechanism are basic 
to a large number of other switching devices and in all but one (Sec. 12-9) 
the material employed is silicon. Thus we shall encounter silicon controlled 
rectifiers (SCR) but no germanium controlled rectifiers, etc. 


12-5 p-n-~p-n CHARACTERISTICS 


The volt-ampere characteristic of a p-n-p-n diode, not drawn to scale, is shown in 
Fig. 12-10. When the voltage is applied in the reverse direction, the two outer 
junctions of the switch are reverse-biased. At an adequately large voltage, 
breakdown will occur at these junctions, as indicated, at the “reverse ava- 
lanche” voltage Vea. However, no special interest is attached to operation 
in. this reverse direction. 

When a forward voltage is applied, only a small forward current will flow 
until the voltage attains the breakover. voltage Vso. The corresponding 
current is Igo. If the voltage V which is applied through a resistor as in 
Fig. 12-96 is increased beyond V ao, the diode will switch from its orr (blocked) 
state to its ON (saturation) state and will operate in the saturation region. 
The device is then said to latch. If the voltage is now reduced, the switch will 
remain on until the current has decreased to Iy. This current and the cor- 
responding voltage Vy are called the holding or latching current and voltage, . 
respectively. The current Zq is the minimum current required to hold the 
switch in its on state. 

There are available p-n-p-n switches with voltages V go in the range from 
tens of volts to some hundreds of volts. The current Igo is of the order, at 
most, of some hundreds of microamperes. In this orr range up to breakover, 
the resistance of the switch is the range from some megohms to several hundred 
megohims. - 

The holding current varies, depending on the type, in the range from sev- 
eral milliamperes to several hundred milliamperes. The helding voltage is 
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found to range from about 0.5 V to about 20 V. The incremental resistance 
Ry in the saturation state is rarely in excess of 10 2 and decreases with increas- 
ing current. At currents of the order of amperes (which' can be sustained 
briefly under pulsed operation), the incremental resistance may drop to as low 
as some tenths of an ohm. 

The switching parameters of the four-layer diode are somewhat tempera- 
ture-dependent. A decrease in temperature from room temperature to —60°C 
has negligible effect on Vso, but a temperature increase to +100°C will 
decrease Vso by about 10 percent. Jy decreases substantially with increase 
in temperature and increases to a lesser extent with decrease in temperature. 


Rate Effect We can see that the breakover voltage of a p-n-p-n switch 
depends on the rate® at which the applied voltage rises. In Fig. 12-11 we 
have represented the switch in the orr state as a series combination of three 
diodes, two forward-biased and the center one reverse-biased. Across this 
latter diode we have placed a capacitance which represents the transition 
capacitance across this reverse-biased junction. When the applied voltage v 
increases slowly enough so that the current through C may be neglected, we 
must wait until the avalanche-increased current through D2 (which is also 
the current through D1 and D3) increases to the point where the current gains 
satisfy the condition a; + a: = 1. When, however, » changes rapidly, so 
that the capacitor voltage changes at the rate dv¢/dt, a current C dv¢/dt passes 


Fig. 12-10 Volt-ampere characteristic of the p-n-p-n diode. 


i 
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Fig. 12-11 p-n-p-n diode in orF 
state fo illustrate the origin of the Anode 
rate effect. 


through C and adds to the current in D1 and D3. The current through D2 
need not be as large as before to attain breakover, and switching takes place 
at a lower voltage. The capacitance at the reverse-biased junction may lie 
in the range of some tens of picofarads to over 100 pF, and the reduction in 
switching voltage may well make itself felt for voltage rates of change duc/dt 
of the order of tens of volts per microsecond. 

The discussion above suggests that Vzo would continue to become smaller 
as dvc/dt increases. Actually, as the rate dvc/dt increases and becomes very 
rapid the reduction of switching voltage may become much less pronounced. 
The reason for this apparently anomalous situation is that, before switching 
takes place, not only must the switch current reach a certain level but also a 
time interval is required for the redistribution of base charge in the two 
“transistors” to allow the end junctions to function as emitting junctions of a 
transistor. If the applied voltage rises rapidly enough it may well have 
reached the d-c breakover voltage before this redistribution of base charges 
has been completed. This matter of stored base charge is considered in detail 
in Chap. 20, where there is also a discussion of matters relating to the speed 
with which a transistor can be turned on and orr. For the present we simply 
note that for typical p-n-p-n switches the time required to complete the transi- 
tion from or¥ to on is about 0.1 usec, and the time to complete the reverse 
transition is about 0.2 psec. 


12-6 THE SILICON CONTROLLED SWITCH?.!¢ 


The structure of the silicon controlled switch (SCS) consists of four alternate 
p- and n-type layers, as in the four-layer diode. In the SCS (also called a 
p-n-p-n transistor or n-p-n-p switch) connections are made available to the inner 
layers, which are not accessible in the diode. The circuit symbols for the 
SCS are shown in Fig. 12-12. The terminal connected to the P region nearest 
the cathode is called the cathode gate, or p base, and the terminal connected 
to the NW region nearest the anode is called the anode gate, or n base. In very 
many switch types both gates are not brought out. Where only one gate 
terminal is available it is ordinarily the cathode gate. These three-terminal 
devices are available under a variety of commercial names (Sec. 12-8). 

The usefulness of the gate terminals.rests on the fact that currents intro- 
duced into one or both gate terminals may be used to control the anode-to- 
cathode breakover voltage. Such behavior is to be expected on the basis 
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Anode 
Fig. 12-12 (a) Circuit symbol used 
by most manufacturers for the SCS; 
(b) alternative symbol (Ref. 4). 
Cathode 


(a) ©) 


of the earlier discussion of the condition a, + a2 = 1 which establishes the 
‘firing point. If the current through one or both outer junctions is increased 
as a result of currents introduced at the gate terminals, then a increases and 
the breakover voltage will be decreased. In Fig. 12-13 the volt-ampere 
characteristic of an SCS is shown for various cathode-gate currents. We 
observe that the firing voltage is a function of the gate current, decreasing 
with increasing gate current and increasing when the gate current is negative 
and consequently in a direction to reverse-bias the cathode junction. The 
current after breakdown may well be larger by a factor of a thousand than the 
current before breakdown. When the gate current is very large, breakover 
may occur at so low a voltage that the characteristic has the appearance of a 
- simple p-n diode. 

The breakover voltage may be increased by applying reverse voltage 
to the cathode junction or equivalently by injecting a reverse current into the 
gate terminal. So long as firing is determined by the condition a1; + a2 = 1 


Io, > 1g, >0 


Fig. 12-13 Volt-ampere characteristics of a three- 
terminal SCS illustrating that the forward breakover 


_voltage is a function of the cathode-gate current. (Not 
drawn to scale.) 
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Fig. 12-14 Typical variation of breakover voltage Vso in an 
SCS as a function of cathode-gate bias Vc, gate current Ia, 
and gote resistance Rg. 


the breakover voltage Vo will be increased. Eventually, however, a point 
is reached where firing is the result of an avalanche breakdown of the center 
junction. In this case there is no additional increase in Vgo even if the 
cathode junction is further reverse-biased. The form of the variation of 
breakover voltage for a typical SCS is sketched in Fig. 12-14 for three separate 
circumstances of bias provided by a voltage source Vg, a current source Ig, 
or a resistor Rg connected from the cathode gate to the cathode. Note that 
very large values of Rg are equivalent to Ig = 0, and very small values of Re 
to Ve = 0. These curves are temperature-dependent, the breakover voltage 
at fixed Ig decreasing with an increase in temperature. 

From Fig. 12-14 we see that in the forward-bias region V gg changes very 
rapidly with Ve or Ig. Hence we may expect great variability in the firing 
‘voltage from unit to unit. For this reason the manufacturer does not supply 
curves of the sort indicated in Fig. 12-14. Instead he provides information 
concerning the forward voltage or current (as a function of temperature), 
which, even at an anode-to-cathode voltage of only a few volts, is “guaranteed 
to cause triggering in all units.” For the SCS depicted in Fig. 12-14 this 
maximum gate firing signal is 30 uA or 0.6 V d-c or a pulse of this magnitude 
(with a minimum pulse width, as discussed in the following section). 

Three commonly employed methods of providing bias to a silicon con- 
trolled switch are shown in Fig. 12-15. In Fig. 12-15a a resistor Rg is con- 
nected from gate to cathode. In Fig. 12-155 the resistor is returned to a 
negative supply voltage to raise the firing voltage. The diode is employed to 
limit the possible back-biasing voltage across the cathode junction. This 
precaution is necessary since the maximum allowable reverse voltage at the 
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+ Veo 


(a) = (c) aa 

Fig. 12-15 Biasing methods for the SCS. The switch is 
fired by applying a signal (either d-c or pulse) to gate 
input terminal G. 


n-emitter junction is often not more than a few volts. In Fig. 12-15c the 
voltage drop across the forward-biased diode provides negative bias for the 
switch. The positive supply serves to provide current to keep the diode 
forward-biased. 

Suppose that a supply voltage is applied through a load resistor between 
anode and cathode of a silicon controlled switch. Consider that the bias is 
such that the applied voltage is less than breakover voltage. Then the switch 
will remain orr and may be turned on by the application to the gate of a 
triggering current or voltage adequate to lower the breakover voltage to less 
than the applied voltage. The switch having been turned on, it latches, and 
it is found to be impractical to stop the conduction by reverse-biasing the gate. 
For example, it may well be that the reverse gate current for turn-off is nearly 
equal to the anode current. Ordinarily the most effective and commonly 
employed method for turn-off is, temporarily at least, to reduce the anode 
voltage below the holding voltage Vz or equivalently to reduce the anode 
current below the holding current 7,. The gate will then again assume con- 
trol of the breakover voltage of the switch. 


12-7 SCS CHARACTERISTICS 


Silicon controlled switches are ordinarily available in types that allow con- 
tinuous anode currents up to about 1.0 A and maximum breakover voltages 
in the range from about 30 to 200 V. 

The anode current which flows when reverse voltage is applied between 
anode and cathode is small, being of the order of several thousandths of a 
microampere in a unit with low leakage to about 1 wA in other units. The 
magnitude of this current is quite comparable to the current which flows 
when the anode-cathode voltage is in the forward direction but the switch is in 
an orF state. Both these currents, forward and reverse, increase with tempera- 
ture in.a manner similar to the reverse saturation current in a transistor. 
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The ratio of the continuous allowable anode current to the forward gate 
current required to turn the switch on even at low anode-to-cathode voltage 
is rarely less than several hundred, and in specially sensitive switches may 
attain values approaching 50,000. Thus, triggering currents of tens of micro- 
amperes may be enough to turn on a switch which will then carry continuously 
hundreds of milliamperes. The impedance seen looking into the cathode-gate 
terminals is that of a forward-biased silicon diode. As we observe from Fig. 
6-2, no appreciable diode current flows in a silicon diode except for voltages in 
excess of about 0.6 V. Accordingly, we find that required triggering voltages 
are usually of the order of 0.6 V. The firing current and voltage required 
decrease with increasing temperature. 

The holding voltage at room temperature is approximately 1.0 V and 
the holding current lies in the range from less than a, milliampere to several 
tens of milliamperes depending on the size of the unit. Both the holding 
voltage and holding current decrease with temperature. The incremental 
resistance between anode and cathode on the on state is usually less than 1 2 
and may be as low as several tenths of anohm. The holding current is affected 
by the gate bias. Increasing this bias increases the holding current because 
the more negative bias diverts out of the gate terminal some of the internal 
feedback current that the switch requires to maintain itself in the on state. 


Rate Effect Silicon controlled switches suffer from the same rate effect as 
do four-layer diodes (page 464). The inclination of a switch to fire prematurely 
because of the rate effect may be suppressed by operating the switch with a 
larger reverse bias on the gate and by reducing the resistance between gate and 
cathode. Both these measures, of course, reduce the sensitivity of the switch 
to an externally impressed triggering signal. An additional effective method 
is to bypass the gate to the cathode through a small capacitance. This 
component will shunt current past the cathode-gate junction in the presence 
of a rapidly varying applied voltage, but will have no effect on the d-c operation 
of the switch. 

When both gate terminals G, and Gc are externally available, the circuit}! 
of Fig. 12-16 may be employed to suppress the rate effect entirely. In this 
circuit, the anode gate has been returned to the supply voltage through a 
resistor Res. The switch S is not essential to the circuit and has been included 
only to facilitate the discussion to follow. 

Assume initially that switch S is open and that the SCS is orr. The 
resistance Rea is large enough not to affect materially the voltages on the 
various layers of the silicon switch. The capacitor C represents the capaci- 
tance across the center junction of the switch when this junction is reverse- 
biased. When a triggering signal is applied at the cathode gate Gc, the voltage 
at the anode A drops, as does also the voltage at the anode gateG4. The SCS 
may now be reset to the orF state by closing switch S, since, with S closed, the 
anode voltage and current are reduced below the holding values. As long as 
switch S is closed the anode must remain at ground voltage even though the 
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Fig. 12-16 A silicon-controlled-switch circuit 
which eliminates the rate effect. 


Triggering 
signal 


SCS is orr. The anode gate, however, is not so restrained and will begin to 
rise toward V4, with a time constant nominally equal to ResC (for Re K Rea). 
The rising anode-gate voltage will charge the capacitor C. It will also reverse- 
bias the anode-to-anode-gate junction because A is at ground potential and 
Ga is rising toward Vaa. 

If the switch S is now opened, the anode voltage will rise abruptly, being 
limited in its speed dv/dt only by whatever incidental capacitance may be 
present at the anode. If it were not for the fact that the anode gate Gu is 
already at the supply voltage, this rapid rise in anode voltage might cause a 
premature firing. As noted in Sec. 12-5, premature firing results from the 

current which passes through the two forward-biased junctions and. the 
capacitance C of the reverse-biased junction. In the present case, however, 
this rapid rise in voltage is transmitted through a reverse-biased rather than a 
forward-biased anode junction. Consequently a smaller cathode junction 
current flows. Furthermore, so long as the anode junction is reverse-biased 
the negative-resistance p-n-p-n characteristic which is responsible for the 
switching cannot develop since forward-biased anode and cathode junctions 
are required. The net result is that, provided enough time is allowed after 
the closing of switch S for the anode-gate voltage to rise, the switch is entirely 
free of rate effect at the anode. Ina typical case Rea ~ 100 Kand C ~ 5 pF, 
so that the time constant is RezC = 0.5 usec. 

The connection of Rega to the supply V4, as in Fig. 12-16, will suppress 
the rate effect against a rapid rise in anode voltage such as would result from 
the opening of switch S. However, with switch S open the rate effect might 
again make itself felt if a positive transient appears at the anode supply voltage. 
In this case the capacitor C would restrain the anode gate from rising as rapidly 
as the anode, and the anode junction would not be reverse-biased. This 
situation may be corrected by simply returning the resistor Rea to a supply 
voltage higher than the anode supply. 


Gate on and orr Times The process by which the SCS changes state 
occupies a finite time interval. When a triggering signal is applied to a 
gate to turn a switch on, a time interval, the turn-on time, elapses before 
the transition is completed. This turn-on time decreases with increasing 
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amplitude of trigger signal, increases with temperature, and increases also 
with increasing anode current. If the triggering signal is a pulse, then, to 
be effective, not only must the pulse amplitude be adequate but the pulse 
duration must be at least as long as a critical value called gate time to hold. 
Otherwise, at the termination of the gating pulse the SCS will fall back to its 
original ‘state. A similar situation applies in driving the switch orFr by 
dropping the anode voltage. At a minimum, the anode voltage must drop 
below the holding voltage. If, however, the anode voltage is driven in the 
reverse direction the turn-off time may thereby be reduced. The turn-off 
time increases with temperature and with increasing magnitude of anode 
current. Further, the anode voltage must be kept below the maintaining 
voltage for an interval at least as long as a critical value called the gale recovery 
time if the transition is to persist after the anode voltage rises. 

In fast units, all of the time intervals are in the range of tenths of micro- 
seconds, whereas in slower units these times may be as long as several micro- 
seconds. In general, the time required to turn a switch orF is longer than the 
time required to turn it on. The time intervals involved are required to 
allow for the establishment and dissipation of stored charge in the base regions, 
very much as in the case of the transistor. The matter of charge storage 
in transistors is discussed in detail in Chap. 20. 


12-8 ADDITIONAL FOUR-LAYER DEVICES! 


The Binistor, Trigistor, and Transwitch (commercial names) are p-n-p-n silicon 
devices which are in almost every respect identical to the SCS described above. 
They differ only in that, by design, they’ are more readily turned off by a 
negative triggering signal at the gate terminal.: Their sensitivity to a turn-off 
trigger is an order of magnitude or so smaller than to a turn-on signal. Voltage 
ratings, temperature dependence, and switching-speed characteristics are not 
unlike those described for the SCS. Bistable operation of these switches 
results when the gate is driven by a train of alternate positive and negative 
pulses. When the speed attainable with these devices is adequate, they offer 
the great convenience of providing a bistable circuit which involves only a 
single active device, a minimum of components, and the feasibility of triggering 
to either state at one triggering input terminal. 

The silicon controlled rectifier (SCR)!° is a three-terminal silicon controlled 
switch with the principal difference that the rectifier is mechanically larger 
and designed to operate at higher currents and voltages. Currents in excess 
of 100 A and operating voltages approaching 1,000 V are possible. The 
rectifiers are used to control large amounts of power, whereas the switches are 
intended for low-level logic and switching applications. The switches are 
characterized not only by smaller voltage and current ratings but also by 
comparatively low leakage and holding currents. In addition, the switches 
are designed to require smaller triggering signals and have triggering character- 
istics which are more uniform from sample to sample of a given type. 
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12-9 THE THYRISTOR 


This germanium three-layer device is similar in construction to a mesa diffused- 
junction p-n-p transistor. The essential difference between a transistor and a 
thyristor is in the nature of the collector contact. In the thyristor the contact 
consists of a nickel tab soldered at high temperature to the germanium of the 
collector with an alloy of lead, tin, and indium. At low currents this combina- 
tion behaves as an ohmic contact which serves simply to collect the holes that 
have diffused across the base and entered the collector region. The special 
nature of this contact is that at high currents it acts to inject electrons into the 
collector. Thus, at high currents the collector tab behaves like an n-type 
layer, making the transistor, in effect, a four-layer device. Typical collector 
characteristics for a thyristor are shown in Fig. 12-17. The dashed portions 
represent regions of negative resistance. Observe that the curves for low 
currents are those of a conventional p-n-p transistor, whereas for higher 
currents the characteristics are generally similar to the silicon controlled 
switch: 

It turns out to be feasible to turn the thyristor orF as well as on by the 
application of a triggering signal at the base. The thyristor is like the SCS 
in that a larger triggering signal (by a factor of about 10) is required to turn it 
orr than to turn it on. The thyristor has the advantage of being faster. 
Turn-on times of 25 nsee and turn-off times of 100 nsec are not uncommon. 
_ Since the device material is germanium instead of silicon, the holding collector- 
to-emitter voltage (~ 0.3 V) is smaller than in an SCS. 

The name thyristor is intended to indicate a transistor replacement 
for the thyratron (the gas-filled hot-cathode triode), All the switches dis- 
cussed above, however, are analogous to the thyratron and are replacing 
it in most applications. These semiconductor devices have the advantages 
of smaller triggering requirements, microsecond switching, no heater power, 


Fig. 12-17 Typical volt- 


ampere characteristics 
of a 2N1214 thyristor for 
various values of base 
current. (Courtesy of 
Radio Corporation of 
America.) 


Collector current, mA 


Collector-to-emitter voltage, V 
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no vacuum seal, and smaller size. In addition, unlike the thyratron, some 
of the switches may be turned off with a gate signal. In terms of the concepts 
introduced in this chapter a thyratron may be described as a device possessing 
a current-controlled negative-resistance characteristic which latches upon the 
application of a positive pulse of voltage on its grid, but which can be turned 
off only by reducing its anode current below the value required to maintain 
the ionization. 


12-10 AVALANCHE-MODE OPERATION OF TRANSISTORS" 


We observe in Figs. 6-18 and 6-20 that when the collector-to-emitter voltage 
of a transistor is raised to the level where avalanche breakdown occurs, the 
valt-ampere characteristic of the transistor exhibits a current-controlled nega- 
tive-resistance characteristic. The similarity between Fig. 6-18 and Fig. 12-13 
for the silicon controlled switch is readily apparent. Thus a transistor may be 
induced to make an abrupt switching transition from an oFF state to an ON 
state much in the manner of any of the other current-controlled devices we 
have considered in this chapter. There are two important differences between 
an avalanche-mode-operated transistor and the other switches. The first 
difference concerns the switching time. The orF to on switching time of the 
other switches is in the range of about 0.1 psec (100 nsec), whereas the switch- 
ing time for an avalanche transistor may be of the order of a few nanoseconds. 
The only competitors for speed with an avalanche transistor are the tunnel 
diode and snap-off diode (Sec. 20-7 ). The on to orF switching time of an 
avalanche transistor is quite long in comparison with the orr to on time, and 
such turn-off switching is not used when speed is at a premium. The normal 
procedure for turning orr an avalanche transistor. is to drop the collector 
voltage and, correspondingly, the collector current to a point where the current 
is no longer able to sustain the avalanche discharge, that is, to a point below 
the holding current. 

The second important difference concerns the holding voltage of the 
avalanche transistor. In the four-layer switch the maintaining voltage is 
of the order of 1 V down to several tenths of a volt. Thus when the switch 
is conducting, the power dissipation may be quite small. In the avalanche 
transistor the holding voltage may be comparable to the breakdown voltage. 
Thus in a transistor biased to avalanche at, say, 100 V, the latching voltage 
may be 50 V. As a consequence, when the transistor is on the dissipation 
may be comparatively large and thus limit the on time of the transistor. For 
example, if an avalanche transistor is used to generate a train of pulses, and 
even if the pulse duration is short, being of the order of tens of nanoseconds, 
the allowable dissipation may severely limit the pulse repetition frequency. 

Many transistors originally intended for other purposes will “avalanche,” 
that is, respond with speed in avalanche-mode operation. Generally, those 
transistors do best which were designed for fast switching applications. In 
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addition, there are available a small number of transistor types such as the 
Texas Instruments 2N3033 which have been specifically designed for high- 
current, high-speed, avalanche-mode operation. 


10, 


VW. 
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NEGATIVE-RESISTANCE 
SWITCHING CIRCUITS 


We consider, in this chapter, circuit applications of the negative- 
resistance devices introduced in Chap. 12. . Certain generalized circuit 
properties of negative-resistance devices are described first. We then 
establish the principles which allow us to determine the mode of oper- 
ation of the circuit: bistable, monostable, or astable. Finally, these 
general principles are applied to account for the particular behavior of 
circuits employing the negative-resistance devices described in the 
preceding chapter. 


13-1 THE NEGATIVE-RESISTANCE CHARACTERISTIC? 


The devices of interest to us display, between a selected set of 
terminals, a volt-ampere characteristic such as is represented, in some- 
what generalized form, in either Fig. 13-la or 6. In Fig. 13-1a, 
between 0 and A and to the right of the point B the device has a 
positive incremental resistance, whereas between A and B the incre- 
mental resistance is negative since, as may be noted, an increase in 
voltage causes. a decrease in current. Similarly, in Fig. 13-1b, the 
portion of the characteristic between A and B displays a negative 
incremental resistance. For the sake of simplicity, and with no loss 
in generality of principle, we have made the characteristics piecewise 
linear and have arranged that they pass through the origin. This 
feature is in no way essential to the present discussion, although 
actually we see in Chap. 12 that all characteristics except that of 
the unijunction transistor do indeed pass through the origin. In 
addition, the characteristics have the general form shown in Fig, 13-1 
without being piecewise finear. 
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(a) (b) 


Fig. 13-1 (a) A voltage-controllable negative-resistance characteristic; (b) 
a current-controllable negative-resistance characteristic. 


We observe in Fig. 13-la that associated with each voltage there is a 
unique current, but the plot does not everywhere associate a unique voltage 
with each current. In the plot of Fig. 13-1) the inverse applies. To distin- 
guish the one from the other we call the characteristic in Fig. 13-la voltage- 
controllable and in Fig. 13-1b current-controllable. The tunnel diode falls into 
the voltage-controllable class, whereas all of the other devices discussed in the 
preceding chapter (the UJT, p-n-p-n diode, SCS, thyristor, and avalanche 
transistor) have a current-controllable characteristic. 


13-2 BASIC CIRCUIT PRINCIPLES 


We shall show that a device with a region of negative incremental resistance 
may be used to construct a switching circuit. The two classes of negative-~ 
resistance (NR) devices must be considered separately since the basic circuit 
of one type is essentially the dual of the other. We shail consider the current~ 
controlled NR device first. The basic circuit is indicated in Fig. 13-2a, where 
a source of voltage V and a resistor R are shown connected to an NR device 
with the volt-ampere characteristic of Fig. 13-2b. Shunted across the NR 
device is a capacitor C’, which may represent stray capacitance or capacitance 
deliberately introduced. 

The voltage v across the device is the supply voltage V less the drop 
across R. If zg is the current through R, then 


»=V—ink * (13-1) 


The device current is ¢ and the capacitor current is tc. We are interested 
in the steady state corresponding to a particular value of supply voltage, 
say V = V;. When the currents and voltages in the circuit stop changing, 
tc = 0 and tg = 7. Hence, on the same set of coordinate axes on which is 
plotted the device characteristic we have drawn the load line corresponding 
to Eq. (13-1) with ig = 7. This line is plotted in Fig. 13-2b as the solid line 
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Steady-state 
load line for 
v=\Y 


NR 


device 


vi V2 Vs v 
Via. Rk (b) 


Fig. 13-2. (a) A circuit involving a current-controllable negative-resistance (NR) 
device; (b) the load line corresponding to supply voltage V = V; and resistance R 
is superimposed on the NE device characteristic in a manner to yield one stable 
equilibrium point at X\. 


passing through the point v = Vi, 7 = 0, and having a slope —1/R. Under 
steady-state conditions, the point of operation of the circuit must lie on the 
device characteristic and simultaneously on the load line. Hence, correspond- 
ing to the particular supply V, the steady-state current and voltage are 7; and 
v3, respectively, corresponding to point of intersection X, of the load line 
and the device characteristic. , 

Now let there be added to the supply a step of voltage which makes 
the new supply voltage V = V2. The new load line is shown dashed, and the 
new steady-state operating point will be at X;. A time will elapse before this 
new steady-state condition is reached, since the capacitor must change its 
voltage. The capacitor charges through an equivalent resistance which is 
equal to the parallel combination of R and the (positive) resistance of the 
NR device over the region OA. We shall now prove that in response to the 
change in supply voltage from V; to V2 the operating point of the device 
moves from its original position at X, in the direction toward X,. This result 
seems obvious enough at the present time, but in establishing the proof, we 
shall arrive at a result which will be quite useful in the following discussion. 
We have from Fig. 13-24 that 


in=ict ia Ce +i (13-2) 


Combining Eq. (13-2) with Eq. (13-1) we find that 


re# =V—(R+») (13-8) 
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Now suppose that the nr device is operating at a particular point Xz where 
a= tg and» = vg. Then Vg = igR + vg is the supply voltage which would 
make operation at tz and vz an equilibrium point. Suppose, however, that 
the supply voltage is not Vg but is instead Vs. Then Eq. (13-3) may be 
written 

ro@ a Ve- Ve (13-4) 
Expressing Eq. (13-4) in words, we have the following theorem: If the device 
ts operating at Xz, which would be an equilibrium point if the supply voltage were 
Vu, but if in reality V = Vs, then dv/dt is positive if Vs > Vz. Alternatively, 
if Vs < Ve then dv/dt is negative. Applying this result to Fig. 13-2b we note 
that when the supply voltage is abruptly increased to V2. (= Vs), then since 
V2 > Vi (= Vz), dv/dt is positive and the operating point moves to the right 
along the device characteristic in the direction of increasing »v. 

We may use Eq. (13-4) to prove that a point such as X, in Fig. 13-20, 
corresponding to the intersection of the device characteristic with the load 
line passing through Xo, is a stable operating point. That is, if the circuit is 
perturbed in some manner so that the operating point is caused to depart 
from X2, it will return to X2. Such a perturbation might be caused by remov- 
ing the capacitor, changing the voltage across it, and then replacing it in the 
circuit. Suppose that as the result of such a maneuver the operating point is 
established momentarily at X = X; in Fig. 13-2. Then Eq. (13-4) with 
Vs = Vzand Vz = Vy indicates dv/dt|x, > 0. Hence there will be an increase 
in v which will carry the operating point back to X2. Similarly, if X were 
located to the right of X», say at X = X;, then Eq. (13-4) would become, with 
Xz replaced by Xs, Vz = Vz, and Vs = V2, 

BCG | = WiH= Ve (13-5) 
t |x, 
Since V2 < V3, then dv/dé < 0 and v decreases so as to carry the operating 
point from X; back to X2. We have thus verified that X, is a stable point 
regardless of whether a disturbance momentarily increases or decreases the 
voltage across the device. 

We shall now apply the above principles to show that the basic circuit 
of Fig. 13-2a may be made to function in a monostable, bistable, or astable 
mode, depending upon the biasing method. 


13-3 MONOSTABLE OPERATION 


Consider the situation depicted in Fig. 13-3. The supply voltage is initially 
Vi, and the steady-state operating point is at X1. A voltage step added to V 
increases the supply voltage to V2, carrying the new load line beyond the 
critical point A, so that a new steady state will be established at X.. The 
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Fig. 13-3 Illustrating the abrupt 
transitions which occur when the load 
line moves beyond a critical point 
such as A or B. 


operating point of the device must, of course, remain on the device character- 
istic as it moves toward X,. Accordingly, the operating point initially moves 
to the point A. We may now apply the principle of Eq. (18-4) to establish 
that dv/dt is positive at A. Hence, the operating point cannot continue its 
approach toward X, by moving along AB, because along this path dv/dt 
would be negative. The only alternative is to have the operating point 
jump abruptly vertically from A to A’. By applying Eq. (13-4) at A’ we 
find that dv/dé is negative. The operating point may therefore continue toward 
X, by moving toward the left along A’B. The device has, by taking this oper- 
ating path, avoided behaving inconsistently with Eq. (13-4), but there now 
exists an anomalous situation in that the path has departed from the device 
characteristic. We may, however, take a philosophical attitude toward this 
matter and judge that if the transition from A to A’ is completed in zero time, 
then actually the operating point has not really left its characteristic. Return- 
ing to the circuit of Fig. 13-2a we find no inconsistency in making the abrupt 
jump from A to A’. Specifically, the voltage has not changed instantaneously, 
as indeed it may not, because of the capacitor. The current has changed 
abruptly. There is nothing in this idealized circuit to restrain it from so doing. 

With a physical nr device, we expect and observe, in a corresponding 
situation, a rapid but hardly instantaneous transition. First, realistic circuits 
and devices have all sorts of stray inductances and capacitances not contem- 
plated in the discussion above. Second, a physical device has an nr region 
which does not really exist initially at all but is rather generated when a certain 
critical voltage or current is reached. To complete creating this region will 
ordinarily require a finite time interval. For example, in an avalanche 
transistor a negative resistance results from the cumulative generation of 
current carriers resulting from the disruption of atomic bonds. A finite time 
is required for this cumulative avalanche process to build up and for certain 
other redistributions required of the stored charge in the transistor. Thus 
when stray inductance or capacitance is reduced to a minimum the speed 
of the transition depends very greatly on the mechanism internal to the device 
by which the nr region is generated. 
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A discussion analogous to that given above leads to the conclusion that 
if, after X2 has been attained, the supply voltage is returned to V;, then the 
operating point will return to X;. From X; the operating point will move 
relatively slowly to B, make an abrupt transition to B’, and finally return to Xi. 
The complete path of the operating point is indicated by the arrows. 

In order to induce this transition from the original stable low-current 
operating point X to a temporary high-current state and back again, it is only 
necessary that the step of voltage have an amplitude adequate to carry the 
load line beyond A and last long enough to allow the operating point to reach 
the point A’. Thus the total transition to a quasi-stable state and back again 
may be induced by a pulse. Accordingly, we have just described the operation 
of a monostable generator of fast waveforms. 

One-shot operation is also possible by establishing a quiescent voltage 
more positive than that at point A and then applying a negative pulse of 
large enough magnitude and long enough duration to carry the operating point 
to the left of B. 

We have achieved triggering by superimposing a pulse on the supply 
voltage to carry the load line beyond a critical point A. In many physical 
devices (those with additional terminals other than the ones between which 
the negative-resistance characteristic appears) a triggering pulse applied to one 
of these extra terminals will achieve triggering by modifying the device 
characteristic. Thus instead of moving the load line to the right of point A, 
the triggering pulse may achieve triggering by moving the critical point to the 
left of X1 while the load line remains stationary. 


13-4 BISTABLE OPERATION 


A bistable circuit is generated by selecting a supply voltage and load resistor 
that give rise to a load line which intersects the device characteristic in three 
places, X, Y, and Z, as in Fig. 13-4. If the circuit is initially at X, then a 
positive pulse added to the supply voltage will carry the operating point 


Fig. 13-4 The load line passing 
through V and intersecting the 
characteristic in three places 
allows bistable operation. 
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in the direction of the arrows to the stable operating point Z, where the circuit 
will remain permanently. Again the pulse must be adequate in amplitude 
to carry the load line beyond point A, as, for example, is the case with the 
load line passing through V’. Also, the pulse duration must be long enough 
to allow the operating point to reach A’. After the circuit is established at Z 
a negative pulse that carries the load line to the left, as is the case with the 
load line passing through V”, will return the circuit to X. Thus the circuit 
has two stable states and may be triggered from one state to the other by 
applying alternate positive and negative pulses. 

The intersection point at Y on the negative-resistance portion of the 
characteristic is also a stable point, as may readily be verified. Consider, for 
example, that a momentary disturbance has shifted the operation to point Yi. 
Then, since Vi; < V, Eq. (13-4) indicates that dv/dt is positive. Hence » 
increases and the operating point moves from Y, toward Y, thus confirming 
that Y is a stable point. Operation at Y, however, will ordinarily not be 
attained because in the triggering scheme we have described it is simply not 
accessible. 


13-5 ASTABLE OPERATION 


An astable waveform is generated by selecting a supply voltage and load 
resistor such that the load line intersects the characteristic at a single point X 
on the NR portion of the characteristic, as in Fig. 13-5. The important 
distinction between the present case and the situation which gave rise to 
the bistable circuit is that. in the present case the equilibrium point at X is 
unstable. If a perturbation causes an initial departure of the operating point 
from X, the subsequent response of the circuit is to carry the operating point 
still farther from the equilibrium point. That such is the case in the present 
instance may be seen by an application of Eq. (13-4). Thus, suppose that 
with the equilibrium point at X a perturbation moves the operating point to X4. 
Since now V; > V, we see, from Eq. (13-4), that dv/dt is correspondingly 
negative, and the operating point which momentarily was displaced to X1 


Fig. 13-5 Adjustment of the load 
line for astable operation. 
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Fig. 13-6 Circuit equivalent to the network R 
of Fig. 13-20 for small voltage excursions in Vv Cc -Rp 
the negative-resistance region. 


moves still farther from X toward B. Similarly, if X1 were below X, the 
operating point would move toward A. 

We now take up a second way of establishing the instability of the equi- 
librium point at X. For this purpose consider the equivalent circuit of Fig. 
13-6, where, since the nr device is operating in its NR region, we have replaced 
the device by a negative resistance of magnitude R,. This configuration, with 
V = 0, is an equivalent circuit for the purpose of computing incremental 
changes from an initial equilibrium state. The circuit has a single time 
constant given by RC, where R, is the paraliel combination of R and — Ry, 
that is, 


—R,R 
R—R, 


Now Rj is positive or negative as R,, is larger or smaller than R. If an equi- 
librium state is perturbed, the subsequent response will be of the form «~#/Fi¢, 
If R, > R, then Ry; > 0, and the circuit responds in accordance with a nega- 
tive exponential back to its equilibrium state. The equilibrium state is then 
stable. If R, < R, then Ry < 0, and the response has the form of an expo- 
nential with a positive exponent. The operating point therefore moves 
farther away from its initial equilibrium state, picking up speed as it goes. 
We observe that in Fig. 13-5, R, < R, which is consistent with our previous 
conclusion that the equilibrium state is unstable. We may also note that 
again, as expected, on the basis of our present manner.of establishing stability, 
the state at Y in Fig. 13-4 is stable because R, > R. 

Returning now to Fig. 13-5 we observe that, starting from an initial 
state at X, a small disturbance will start the circuit toward either B or A, 
depending on the direction of the disturbance. Thereafter, the system will 
trace out the path BB’AA’B in the direction of the arrows, with no need for 
continued external triggering. The circuit is astable and generates two abrupt 
current transitions per cycle. 

We noted above that a current-controlled NR device would be stable 
even in its negative-resistance region provided that R, > R. If we desire 
stability no matter what the value of R, may be, we require that R = 0. 
For this reason a current-controlled nr device is often characterized as being 

“short-circuit stable.” Similarly we shall see later that a voltageregntroled 
device is “open-circuit stable.” 

Both of the arguments given above to prove that X is an unstable point 
depended upon the existence of a capacitance across the nr device. If, 
ideally, C could be reduced to zero, then stable operation at point X would be 
possible. In practice it turns out that if C is smaller than a certain “critical” 


Ry, = (13-6) 
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value, then a stable state at X is indeed obtained. This critical capacitance 
for most NR devices is of the order of some tens of picofarads, although its 
exact value is difficult to calculate. In order to do so it is necessary to include 
in Fig. 13-6 the inductance of the device along with wiring inductances and 
then solve for the minimum value of the capacitance that gives a positive real 
part to the roots of the equation determining the transient response (or, 
equivalently, to the poles of the network function). In summary, if the shunt 
capacitance across a current-controlled nr device is below some tens of pico- 
farads, then a point on the nr portion of the characteristic is stable. However, 
for capacitances larger than critical it becomes unstable. 


13-6 VOLTAGE-CONTROLLED NEGATIVE-RESISTANCE 
SWITCHING CIRCUITS 


We consider now the voltage-controlled nr device whose characteristic appears 
again in Fig. 13-7b. The appropriate circuit for switching operation is now 
shown in Fig. 13-7a. Comparing Fig. 13-7a with Fig. 13-2a we note that the 
shunt capacitor has been replaced by a series inductor. Analogously to the 
current-controlled case, load lines passing through supply voltages V, V’, and 
V” are appropriate to astable, bistable, and monostable operation, respectively. 
Note that the monostable line intersects the device characteristic at one point 
along a positive-resistance portion. The bistable line has three points of 
intersection, two along positive-resistance branches and the third on the 
negative-resistance section. The astable line intersects the characteristic at 
one point along the negative-resistance segment. 

The stability of an operating point may be investigated in one of two ways. 
First, from Fig. 13-7a we have 


L[=V—-iRk—-v (13-7) 


Bistable Astable 


Vv v’ vv" ov 


() 
Fig. 13-7 (a) A circuit involving a voltage-controlled negative-resistance device; (b) 
characteristic and load lines for bistable, astable, and monostable operation. 
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If the operating point is momentarily at Xz(iz, vg), where igR + vg = Va, 
and if the supply voltage is Vs, then this equation may be written 


L> =Vs— Ve (18-8) 


analogously to Eq. (13-4). Expressing Eq. (13-8) in words, we have the fol- 
lowing theorem: Jf the device ts operating at Xz, which would be an equilibrium 
point if the supply voltage were Vz, but if in reality V = Vs, then di/dt is positive 
if Vs > Ve. Alternatively, if Vs < Ve then di/dt is negative. Let. us apply 
this principle to Fig. 13-7b. Consider, for example, load line 1, which inter- 
sects the Nr characteristic at X. Is this a point of stable or unstable equi- 
librium? If a disturbance takes the circuit to point X1, then since 


Vs=V>Vi=VeE 


di/dt is positive. Hence, the operating point X;, must move in the direc- 
tion of increasing current, away from X and toward A. This argument 
establishes that X isan unstable point. Hence, if the circuit is adjusted to 
have a load line such as 1 in Fig. 13-76, it will operate in an astable mode. 
Applying the above principle to the conditions depicted by load line 2, we can 
verify that Y is a stable point. 

Second, we recognize that Fig. 13-8 gives the equivalent circuit from 
which to calculate the response to small perturbations. Again we have a 
one-time-constant circuit which will yield a response of exponential form 
e(R-R)UL, The exponent will be positive (unstable case) if R, > R (load 
line 1) and negative (stable case) if R,a < R (load line 2). The reverse 
condition applies for a current-controlled device since in Sec. 13-5 we find that 
a stable point corresponds to R, > R. 

We may note that to ensure stability of equilibrium point on the NR 
portion of the characteristic, no matter how large R, may be, we require that 
R be arbitrarily large. Hence the present case is ‘open-circuit stable,” in 
comparison with the previous circuit which was ‘‘short-circuit stable.” 

A basic difference between the present voltage-controlled device and 
the previously discussed current-controlled case is seen in the discontinuous 
jumps B to B’ and A to A’. In the present case the jumps are changes in 
voltage, whereas in the previous circuit current discontinuities were encoun- 
tered. It is the reactive element which was added to the circuit (the inductor 
in the voltage- and the capacitor in the current-controllable-device circuit) 
which determines the type of abrupt transition. As we shall see, the time 
intervals established in the monostable and astable circuits are determined by 
this reactive element. In the bistable circuit, where no timing interval is to be 


Fig. 13-8 Equivalent circuit for calculating 
response of circuit of Fig. 13-7a for small 
excursions in the negative-resistance region. 
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established, the addition of a reactive element is theoretically unnecessary. 
However, it is found in Sec. 13-10 that an improvement in the transition time 
results if a small amount of reactance is added in some circuits: for example, 
a small inductance in series with a tunnel diode. 

The remainder of this chapter makes use of the principles enunciated 
above to explain the operation of switching circuits using the NR devices 
discussed in the preceding chapter. Calculations of the timing intervals 
established in monostable and astable waveforms and of the transition time in a 
bistable circuit are also given. 


13-7 _TUNNEL-DIODE MONOSTABLE CIRCUIT? 


A monostable tunnel-diode circuit is shown in Fig. 13-9. Bias is provided 
by the source V in Fig. 13-9a, which is adjusted so that the load line inter- 
sects the characteristic at one point on the positive-resistance portion. The 
operating point is initially at point O, where v = V, and the diode current is 
«= I,. A positive voltage pulse v, is applied to raise the load line so that 
it clears the peak at A. This trigger must have a time duration t, adequate 
to allow the current in the inductor to change from J, to Ip. The operating 
point having been raised to A, the circuit, of its own accord, follows the path 
indicated by the arrows, returning eventually to the starting point at 0. 

Waveforms of output voltage and diode current, somewhat idealized, 
are shown in Fig. 13-10. The application of the voltage pulse carries the 
diode from O to A, increasing the voltage from V, to Vp and the current from 
I, to Ip. If the pulse amplitude were large enough so that the asymptotic 
limit to which the current were headed was much larger than Jp and if the 
diode resistance in the range from O to A were constant, then the rise of 
voltage from O to A would be linear as shown. 

At A the voltage jumps abruptly to B, where the voltage is Vr, while the 
current remains constant at Ip. As the operating point now moves from B 
to C’, the voltage drops from Vr to Vy and the current from Ip to Iy. If the 


Fig. 13-9 Monosiable operation of a tunnel-diode (a) circuit, (b) operating path. 
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Ug 


(a) 


(0) 


(c) 


Fig. 13-10 Waveforms of monostable tunnel-diode cir- 
cuit. (a) Triggering pulse; (b) output voltage; (c) tunnel- 
diode current. 


pulse persisted indefinitely, the load line would establish a stable equilibrium 
point on the high-voltage positive-resistance portion of the characteristic some- 
what below B. We have assumed, however, that long before this equilibrium 
point is approached the pulse has terminated. Hence the operating point 
continues from B to C, There is then an abrupt transition in voltage from Vy 
to Vp at point D, and finally the circuit settles down to initial point O in an 
asymptotic manner. 

If the diode characteristic in the region from B to C were approximated 
by a constant resistance, the waveform between these points would be exponen- 
tial and could be readily calculated (see below). We have represented, as an 
approximation, that the current falls linearly. Since the resistance increases 
as the operating point moves from B to C, then the time constant L/R decreases 
as C is approached. Hence, in a physical circuit, the principal respect in 
which the voltage waveform differs from that of Fig. 13-100 is that the negative 
slope increases in magnitude as point C is approached, as is shown by the dashed 
waveform. Also, of course, the voltage rise from Vp to Vr is not instantaneous 
but is determined by the time required to charge any shunt capacitance 
present. 
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Fig. 13-11 A piecewise linear approximation to a tunnel-diode 
characteristic (Ref. 2). 


A calculation of the duration T of the quasi-stable state, which agrees 
with experiment? to within about 10 percent, can be easily carried out if the 
tunnel-diode characteristic is represented by the piecewise linear approximation 
of Fig. 13-11. A reasonable fit with the tunnel-diode curve is obtained if we 
choose 

Vp=075Vr and vy = Yet¥r 


If the diode resistance of the portion passing through the origin is called R, 
and if the second positive-resistance region is designated by R2, then 

, té 
-7e and R= ven (13-10) 
The line with the negative slope is drawn so as to form a reasonable approxi- 
mation to the NR segment. Fortunately, neither its location nor its slope 
affects the delay time T. 

To calculate T, the time duration from Ip to Ivy, we replace the device 
by a resistor R, in series with a battery V’ = Vy — IvR, (as dictated by the 
piecewise linear approximation of Fig. 13-11). The equivalent circuit is now 
indicated in Fig. 13-12@ and 6, which are equivalent since 


(13-9) 


Ry 


Rr = R+ Ry Vy =V'-V=V,—V—IyR, (13-11) 
Let us shift the time origin so that ¢ = OQ when i = Ip. If the circuit of Fig. 
13-126 were valid indefinitely, then at t = ©, 7 = —Vy/Rr. Since this is 


a single-time-constant circuit, 
et re Vy —Rrt/L 
pe Ket (t+ % e-Bn (13-12) 


Since 7 decreases to Jy at t = T we can solve this equation to obtain 


L, Vy + IpRr 


as ny Ihe +TyRr (13-13) 


Sec. 13-7 


(a) = (6) = 
Fig. 13-12 (a) In the region from B to C where the current 
decreases from Ip to Iy the tunnel diode is replaced by a 


battery V’ in series with a resistor R2; (b) simplified circuit. 


It is clear that the apparently linear decay in Fig. 13-10 is really exponential. 
Note that the delay time T is proportional to L. A rough idea of the induct- 
ance needed for a desired value of T can be obtained by using the following 
reasonable order of magnitudes: Vy = 0.25 V, Ip = 5 mA, Jy = 0.5 mA, and 
Rr = 1009. We find T =~ 0.01L, so that for L = 100 »H, T = 1.0 usec. 

If it should be true that IpRr « Vy, then T is independent of the resist- 
ance Rr. To verify this statement we write Eq. (13-13) in the form 


p= in(s 4 eRe) L(y 4 DR). Lb (UeRe _ IvRr 
Vy Vy 


Rr Rr Vy Rr Vy 
(13-14) 
where use has been made of the expansion In (1 + z) ~ x. Hence 
T x We Sie (13-15) 
Y 


The recovery time constant at the end of the waveform is L/({(R, + R). 
A tunnel-diode one-shot which allows one side of the trigger source to be 
grounded is shown in Fig. 13-13. Additionally, the voltage division through 


° Vy (10 V) 


Fig. 13-13 A tunnel-diode monostable multivibrator which 
allows the trigger source fo be grounded. Typical values 
are shown for components, supply voltage, and triggering- 
signal amplitude. (Courtesy Radio Corporation of America.) 
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the resistors R, and R,z provides the small supply voltage required for proper 
bias of the diode even from a relatively large 10-V supply. The quiescent 
voltage across the diode is only about 250 mV and the input trigger only 
400 mV in amplitude. For this reason the input trigger is introduced through 
a backward diode D1 (Sec. 12-2). 


13-8 TUNNEL-DIODE ASTABLE CIRCUIT 


In Fig. 13-14a the supply voltage and load line have been selected to yield an 
equilibrium point at O. This point is unstable, and the operating point having 
moved, say, to point A, it will thereafter follow the circuital path indicated by 
arrows. Waveforms of diode voltage and diode current are shown in Fig. 
13-14b and c. Again these waveforms have been idealized somewhat. If the 
diode characteristic were piecewise linear the rises and falls of voltage and 
current in the waveforms would be exponential. In a physical circuit the 
voltage waveform departs from the idealized waveform much in the manner 
shown in Fig. 13-10. 

The tunnel-diode astable-circuit waveform is not necessarily exactly sym- 
metrical (71 * Tz) because the portions DA and BC of the device character- 
istic are not identical. On the other hand, the two portions of the cycle are 
often not markedly different. 


(Ip, Vp) B 
ee —S—-— = 8 Up, Vp) 


Vv Cc v 


Fig. 13-14 Tunnel-diode astable multivibrator. (a) Adjustment of load line; (b) 
voltage waveform; (c) current waveform. 
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Using the piecewise linear approximation of Fig. 13-11, the time 71 
is given by Eq. (13-13). The expression for T: will now be found. In the 
range from D to A, where the current increases from Iy to Ip, the diode may 
be replaced simply by a resistor R;. Hence the equivalent circuit of Fig. 
13-120 is applicable if Vy = —V and R; is replaced by 


Rrp=R+R, (13-16) 


where RF is the load resistance. Proceeding as we did in deriving Eq. (13-13), 
the duration 7’: of the second portion of the waveform is found to be given by 
L,V—TIyRp 


In 


haa V — IpR, 


(13-17) 


The total period is 7; + T, and the free-running frequency is the reciprocal of 
thistime. For the parameters given in the preceding section and for a symmet- 
rical waveform the frequency of oscillation is f = 0.5 MHz for L = 0.1 mH, 
and f varies inversely with L. ; 

If a square wave of the form shown in Fig. 13-146 is required with the 
exception that the tilt is not acceptable, such a waveform may be generated 
by using the astable tunnel-diode circuit to drive a bistable tunnel-diode circuit. 
Thus, if the waveform of Fig. 13-14 is differentiated with a small AC time 
constant and if the resulting spikes: (alternatively positive and negative) 
are applied to the flip-flop circuit of Sec. 13-10, an excellent square wave is 
obtained. 


13-9 TUNNEL-DIODE COMPARATOR? 


A comparator or discriminator (Sec. 7-11) is a circuit which yields an abrupt 
response when a critical reference voltage or current is attained by a waveform. 
A tunnel-diode comparator circuit is shown in Fig. 13-15. Bias is provided 
by the voltage source V in Fig. 13-15a or the current source J in Fig. 13-15b, 
corresponding to which is the load line 1 in Fig. 13-15c joining J to V with slope 
—1/R. Consider that the initial equilibrium point is at X. When the signal 
v, or i, raises the load line to position 2, where it just clears the peak of the 
tunnel-diode characteristic, an abrupt transition to Vy will take place and 
then the diode will settle to the equilibrium point X’. The abrupt transi- 
tion in output voltage from Vp to Vr constitutes the sharp comparator 
response. The signal current 7, in Fig. 13-15b at which the comparator 
responds is Jp + Vp/R — J, and the corresponding signal voltage v, in Fig. 
13-15a is Vp + RIp — V. 

The tunnel-diode comparator is fundamentally different from the diode 
comparator discussed in Sec. 7-13. In the rectifying diode comparator the 
output-voltage change is, at most, equal to the input-voltage change, and 
comparator action is obtained by suppressing the input signal until the diode 
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Fig. 13-15 The tunnel diode used as a comparator. In (a) and (b) the sources are 
represented by Thévenin's and Norton’s equivalents, respectively. (c) Illustrating 
the abrupt response when the load line just clears the peak of the characteristic. 


passes through its break point. In the tunnel-diode comparator the output 
response bears, in principle at least, no relationship to the change of input 
signal required to activate the comparator. Ideally, the most insignificant 
change in input voltage produces a change Vr — Vp in the output. Even 
with physical tunnel diodes the energy required to carry the comparator 
from one side to the other is remarkably small, being of the order of 10-15 J 
(a pulse 5 mV in amplitude of 2 nsec duration in a 50-@ load dissipates 10-'* J). 

The speed of transition of the comparator is of interest. The speed is 
limited by the inherent junction capacitance of the tunnel diode, which 
appears dashed in Fig. 13-15a and b. Let us assume that the effect of the 
inductance predominates in the circuit, so that we may reasonably make the 
approximation that the inductor current remains constant (ig = Ip) in spite 
of the presence of the capacitance C. From F ig. 13-15c we see that, over 
most of the transition, the diode current 7 is much smaller than the capacitive 
current te. If we neglect 7 altogether compared with 7g, then the capacitor 
charges at a constant current 7p, and since the capacitor voltage changes by 
Vr — Vp the time of transition is t, = C(Vr — Vp)/Ip. The value of 
Vr — Vp is approximately 0.5 V for germanium and about 1 V for gallium 
arsenide. We have then 


St for Ge i= r for GaAs (13-18) 


= 
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Manufacturers normally specify Ip/C as a figure of merit for tunnel diodes 
in connection with switching applications. Typical transition times are in 
the range of a few nanoseconds down to possibly 0.1 nsec in an extreme case. 


13-10 TUNNEL-DIODE BISTABLE CIRCUIT 


With the load line selected as in Fig. 13-15c the circuit has two stable states 
at the points of intersection of the load line with the positive-resistance portions 
of the device characteristic at X and X”’. If the circuit is at X and the signal 
source furnishes a positive pulse adequate to raise the load line to position 2, 
a transition will occur, and when the pulse has passed, the circuit will find itself 
at X”. Similarly, a negative pulse adequate to drop the load line to the point 
where it clears the bottom of the characteristic will reset the circuit to its 
original stable point at X. Thus the circuit has two permanent stable states 
and may be used to store binary information or for any of the other purposes 
for which binary devices are employed. 

Suppose that we desired to trigger the tunnel-diode flip-flop with a train 
of pulses (of alternating polarity) at the maximum possible rate. The mini- 
mum time between pulses must be the sum of the transition time ¢, and the 
settling time ¢t,. The former, which is limited by the shunt capacitance, is 
the time required to change the voltage from Vp to Vr and was estimated 
to be of the order of 1 nsec in Sec. 13-9. The time é,, which is determined by 
the series inductance, is the time it takes the diode to settle from the voltage 
Vr to the voltage at X” in Fig. 13-15c. If the current at X”’ is Ix», then 7 
decreases exponentially from Ip to 7x with a time constant r = L/Rr. We 
shall assume, as we did in Sec. 10-5 in connection with the transistor binary, 
that t, ~ 2r = 2L/Rr. For Rr = 2000,t, = 0.01L. If the settling time is to 
be no longer than the transition time of 1 nsec, then L must not exceed 100 nH. 


Fig. 13-16 Tunnel-diode bistable operating path if no 
series inductance is present. 
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Since ¢, is proportional to L and we want ¢, to be as small as possible, why 
not omit L altogether? We shall now show that if no inductance is added 
to the circuit it will still possess bistable properties but that t, will be increased. 
Consider the circuit of Fig. 13-15 but with L = 0. The operation is indicated 
in Fig. 13-16. With v, = 0 load line 1 is applicable and the quiescent point 
is X. Then an input step is applied and the load line moves to position 2. 
The steady-state condition is at X’, but since the operating point must not 
leave the tunnel-diode characteristic for any finite interval then it must move 
from X to X’ along the curve, as indicated by the arrows. The time to charge 
the shunt capacitance is 


pe eee (13-19) 


Vx te Vr tp—?t 


where ic, ir, and 7 are indicated in Fig. 13-16. In general the integration 
must be carried out graphically. If a piecewise linear approximation is used 
_ for the diode characteristic, then ¢, can be evaluated analytically (Prob. 13-22). 
In Fig. 13-15c, i¢ equals the difference between Jp and the diode current 1. 
In Fig. 13-16, i¢ equals the difference between the current on the load line 
corresponding to » and the diode current. We see that ic is smaller in Fig. 
13-16. Hence, ¢, will be larger (perhaps by a factor of 2) if no inductor is 
used in the circuit. Therefore, a small amount of inductance should be added 
to the circuit so that the rise time may be improved without appreciably 
_ increasing the settling time. The required value of inductance is best found 
experimentally, but the above arguments indicate that a reasonable value 
to start with is of the order of 100 nH. Of course, the larger the triggering 
signal v,, the larger will be i¢ and the smaller ¢,, and hence the necessity for 
adding inductance decreases as v, increases. 


13-11 TUNNEL~DIODE—TRANSISTOR HYBRID CIRCUITS2* 


A tunnel diode has two qualitites of great merit in switching applications 
It switches extremely rapidly (~ 1 nsec) and responds to a pulse of very 
small energy. We noted earlier that a pulse of 10-15 J could be counted on 
to move the tunnel diode past a critical point and initiate a transition. In 
comparison, a transistor may require a pulse of 10 times larger energy to 
switch states. Moreover, a single tunnel diode may be used to construct 
@ circuit with two stable states, whereas two transistors are required for this 
purpose. 

On the other hand, a transistor has the advantage over the tunnel diode 
that the transistor operates at appreciably higher voltages. The voltages and 
voltage changes encountered in tunnel diodes are of the order of a few tenths 
of a volt, but in transistor circuits these voltages are at least tens of volts. 
Additionally, the tunnel diode has the very disconcerting feature that, having 
only two terminals, the input and output ports are not isolated from one 
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another. As a consequence, in circuits that involve cascades of tunnel diodes, 
it is difficult to ensure that the signal will proceed in one direction only. It 
is not surprising, then, that advantages accrue from the employment of 
combinations of tunnel diodes and transistors in circuits that exploit the merits 
of each device. 

A basic hybrid circuit is shown in Fig. 13-17a. In Fig. 13-17 are plotted 
the tunnel-diode characteristic (ivy against v), the input characteristic of 
the transistor (ig against v), and the composite characteristic (¢ = in + iz 
against.v). We observe that the composite input characteristic of the hybrid 
tunnel-diode—transistor combination retains the general shape of a tunnel-diode 
characteristic. That this feature persists depends on the fact that a ger- 
manium transistor is being employed. For in a germanium transistor the 
base current becomes appreciable in comparison with the diode current at for- 
ward voltages of the order of 0.2 V. This voltage, as indicated in Fig. 13-176, 
falls normally between the peak and valley of a tunnel diode (Table 12-1). 
If a silicon transistor had been used, the transistor would not yet be turned on 
even when the tunnel diode were operating well up on the high-voltage positive- 
resistance portion of its characteristic. It is, however, possible to use hybrid 
circuits with silicon transistors by returning the cathode of a tunnel diode 
to a positive voltage of some tenths of a volt. In this way the tunnel-diode 
characteristic will be shifted in the direction of positive voltage to the point 
where the rising base current crosses the tunnel-diode characteristic between 
its peak and valley. Either a Ge or GaAs tunnel diode may be used. 

Since the input characteristics of the hybrid circuit and the tunnel diode 
have the same form, we may use this input characteristic for all the same 
types of switching functions. Thus the load line in Fig. 13-17) is appropriate 
for flip-flop operation, and the hybrid circuit of tunnel diode and transistor 
together operates as a bistable device. To drive a transistor from cutoff to 
saturation requires that the input current increase from nominally zero to 
some hundreds of microamperes. Observe, then, that as required, the base 
current corresponding to point X, the lower voltage of the two stable points, is 


i, iy, bp 


(6) ° 
Fig. 13-17 (a) A basic tunnel-diode-—transistor hybrid circuit; (6) composite 
characteristic formed by combining individual characteristics of tunnel diode 
and transistor. 
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Fig. 13-18 A hybrid circuit which may be 
adjusted to function as a comparator or to 
operate in an astable, monostable, or 
bistable mode. 


negligible, and at X’, the other stable point, the base current may be com- 
parable to the peak current Jp. Observe, further, that the tunnel diode 
provides current gain at wide bandwith between the circuit input and the 
base. A change in current Az at the input triggers the circuit to point X’, 
and the corresponding change in tg is A?g as shown. In principle, by setting 
point X arbitrarily close to the peak, we may increase the current gain without 
limit. Of course, as a matter of practicality, requirements for stability 
against aging, temperature changes, noise, etc., will establish some minimum 
separation between X and the peak. 

Now a second transistor substituted for the tunnel diode would have 
provided the current gain just as well. The use of a second transistor, which 
involves additional components and a more complicated coupling arrangement, 
would have lost for us the delightful simplicity of the hybrid circuit. But, 
putting this relatively unimportant matter aside, let us compare the responses 
to an input switching signal of a cascade of transistor stages and a cascade 
of hybrid circuits. Suppose that in a cascade of transistors a step of current 
or voltage of zero rise time is applied to the first transistor. The output of the 
first transistor will have a finite rise time. This finite-rise-time signal applied 
to the second transistor will cause the output of the second transistor to have 
an even longer rise time, and so on. However, the speed of transition of a 
tunnel diode is nominally not influenced by the speed of the applied signal, 
because the signal does not drive it from one state to another but only acts 
asa trigger. Since, also, the speed of tunnel diodes is comparable to or faster 
than even the highest-speed transistors, the interposition of tunnel diodes 
between transistors serves in effect to keep the speed and amplitude of the 
drive signal at each transistor base adequate to cause the transistor to respond 
at its fastest speed. 

A basic circuit which can be adjusted to function as a comparator or 
to operate in a bistable, monostable, or astable mode is shown in Fig. 13-18. 
The load line at the input passes through an equivalent supply voltage 
R.Vec/(R: + Rz), and the equivalent load resistance is the parallel com- 
bination of R; and Ry Thus we may adjust the load line to intersect the 
hybrid input characteristic in whatever manner is appropriate to attain the 
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type of operation desired. The terminals at the left are for a triggering 
signal when required. The circuit of Fig. 13-18 is that of Fig. 13-13 with the 
load Ry across the tunnel diode replaced by the base circuit of the transistor. 

The hybrid-circuit multivibrators have an advantage over the two- 
transistor multivibrators with respect to responding to a narrow triggering 
pulse. When, in a two-transistor multivibrator, a pulse is applied, say at 
the base of one transistor, to induce a transition, the pulse must persist 
long enough to allow the collector current to change substantially so that a 
transition takes place. Otherwise, at the termination of the pulse the multi- 
vibrator will simply settle back into its original state. In the hybrid circuit 
the pulse need only last long enough to get the load line to clear the peak or 
valley of the characteristic. If the pulse lasts long enough to get the tunnel 
diode irreversibly started to its other state the transition is ensured. Even 
if the collector current has, in this time, not changed appreciably, it does not 
matter. The collector current will catch up later. 


13-12 CIRCUIT APPLICATIONS OF p-n-p-n DIODES* 


A p-n-p-n diode (Secs. 12-4 and 12-5) may be operated in an astable, mono- 
stable, or bistable mode, depending, as we have seen, on the relationship of the 
load line to the device characteristic. In some cases, for the sake of the wave- 
‘forms thereby generated or for convenience in triggering, two p-n-p-n diodes . 
are used rather than one. 


Sawtooth Generator The circuit of Fig. 13-19a, when adjusted for 
astable operation, generates the waveform in Fig. 13-19b. This “sawtooth”- 
type waveform (which may be generated by any current-controlled device) 
finds extensive use in timing applications and will be discussed in detail in Chap. 
14. To consider the operation of Fig. 13-19 we disregard, for the moment, the 


— ea 
(6) = 


Fig. 13-19 (a) A p-n-p-n diode sawtooth generator; (b) output 
waveform. 
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small resistance r and assume that the capacitor is initially uncharged. Since 
the voltage across the diode is low, the device is in its nonconducting state, so 
that the current supplied by Vyy flows through R into the capacitor. The 
capacitor charges toward Vyy until the output voltage reaches V zo, the break- 
over voltage of the diode. At this peak Vp = Vao, the device switches 
abruptly to its high-current-low-voltage state and the capacitor discharges 
through the diode. The diode remains in this state until the capacitor has 
discharged to the voltage Vz, where it can no longer supply the holding current. 
From the minimum or valley voltage Vy = Vy the diode then returns to its 
oFF state and the cycle repeats. The small resistor r has been included to 
limit the peak current through the diode to within its rating during the interval 
of capacitor discharge. 

The capacitor charges from an initial voltage Vy exponentially with a 
time constant r = (R + r)C toward Vyy. Att = T, the voltage reaches Vp. 
Solving for 7, we find 


T= rine te (18-20) 
The fall time T, is difficult to calculate since it depends upon the holding 
current J;;, which is often not specified and which may be quite variable 
from unit to unit. The capacitor voltage decreases exponentially from Vp 
toward zero, and the diode becomes nonconducting when its current falls below 
In. Let us assume that a reasonable interval for the current to fall to Ixy is 
three time constants, or TJ, = 3rC, a quantity which may be as small as some 
tens of nanoseconds. 

The frequency of the oscillation is f= 1/(T1+ 72). This frequency 
may be increased by decreasing R. However, & was originally selected to 
intersect the characteristic in the manner indicated in Fig. 13-5. If RF is 
decreased, a point will eventually be reached where the intersection occurs 
on the high-current positive-resistance portion of the characteristic. The 
circuit then latches, with a stable point in the high-current region. This 
manner of operation is to be avoided on the grounds that the continuous 
ON current will ordinarily exceed the allowed average diode current. After 
R has been decreased just short of moving the equilibrium point out of the 
negative-resistance region, the frequency may be increased further by reducing 
C. With a physical diode we find that when the capacitance C is progressively 
decreased to the point where the time constant becomes comparable to the 
time intervals required for the diode to make transitions between states, the 
sawtooth waveform looks rather more sinusoidal. Also, the oscillation 
amplitude decreases with increasing frequency. 


Pulse Generator The circuit of Fig. 13-19 may be used as a pulse 
generator since, each time the capacitor discharges abruptly, a pulse of voltage 
appears across ry. When intended as a pulse generator the load resistance is 
larger than the small resistance 7 used to limit the current and is located, as 


Sec. 13-12 NEGATIVE-RESISTANCE SWITCHING CIRCUITS / 499 


(b) 


Fig. 13-20 (a) A p-n-p-n diode pulse generator; (b) input and output 
waveforms with 2 > R1. 


shown in Fig. 13-20, so that one side of the pulse output may be at ground. 
The circuit in Fig. 13-20 allows for the possibility of monostable operation. 
In such operation the supply voltage is adjusted to be somewhat less than the 
breakover voltage. A negative pulse introduced as indicated increases the 
voltage across the p-n-p-n diode D1 to the point where switching occurs. The 
capacitor discharges, a voltage pulse appears across Fz, and the circuit restores 
itself to its initial state. In Fig. 13-206 the output-pulse width ist, ~ 381C. 

When the source v, applies a negative pulse through C’, the p-n diode D2 
is momentarily back-biased while the voltage across D1 is raised to the point 
where it fires. The capacitor C then discharges, the path of the discharge 
being through D1, C’, R,, and R,. Almost immediately, however, the 
voltage across R, and C’ rises to the point where D2 becomes forward-biased, 
and thereafter the discharge proceeds through D2 rather than the source. 
The usefulness of D2 (rather than a resistor) is that it limits the loading on the 
pulse source. 

The output-pulse waveform starts at ground level. When the diode D1 
fires, the anode voltage drops from Vyy to the holding voltage Vz. This 
abrupt voltage change is transmitted through C to the output. Since R > Ry 
the diode current and the current through R, are very nearly the same. This 
current decreases as the capacitor discharges, until the holding current J is 
reached. At this point diode D1 turns orr abruptly and consequently there 
is an abrupt voltage change IyRz, at the output. Although it is true that, in 
monostable operation, an input pulse is required to produce an output pulse, 
the output pulse may be larger in amplitude, may be wider, and is available 
at a much lower impedance level than the triggering pulse. 


Bistable Multivibrator In the two previous p-n-p-n diode circuits, the 
circuit operated in an astable and in a monostable mode, respectively. We 
can also construct a bistable circuit with a single diode, but for the sake of 
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Fig. 13-21 A multivibrator using two p-n-p-n 
diodes. Nominally R; = R, and C2 = C;. 


convenience of triggering with a pulse of one polarity at one point in the circuit, 
we use two p-n-p-n diodes, 

In the circuit of Fig. 13-21, the supply voltage is less than the breakover 
voltage and the resistors R, = R2 are small enough so that a stable state 
exists in both the high-current and in the low-current regions. Assume, then, 
that D1 and D3 are on while D2 and D4 are orr. The negative pulse, applied 
to the cathode of D2 through C3, turns D2 on. Consequently, the anode of D2 
drops abruptly from the supply voltage Vyy to the maintaining voltage. This 
negative step of voltage is applied through C, to the anode of D1, and D1 is 

.thereby turned orr. The current which flows through C\ in response to the 
voltage change at the anode of D2 must be supplied through A. This resistor 
R, is selected to be large enough so that the supply voltage cannot furnish 
through it both the capacitor C, current and the holding current for D1. Suc- 
cessive negative triggering signals will switch conduction back and forth between 
D1 and D2. 

Other p-n-p-n diode multivibrators using two diodes are given in Probs. 
13-27 and 13-28. 


13-13 APPLICATIONS OF THE UNIJUNCTION TRANSISTOR®7 


A unijunction transistor may be operated in an astable, monostable, or bistable 
mode depending on the relationship of the load line to the device characteristic. 


Sawtooth Generator A relaxation-oscillator circuit, similar in operation 
to the p-n-p-n diode circuit of Fig. 13-19, is shown in Fig. 13-22. The circuit 
must be biased for astable operation; that is, the load line determined by 
Vyy and R must intersect the input characteristic in the negative-resistance 
region. The resistors Rs: and Rs. are not essential to the circuit but are 
included because the voltages developed across these resistors may prove 
useful (see Sec. 14-4). The capacitor C charges to the peak voltage Ve, 
the device turns on, and the capacitor discharges to the valley voltage Vv, 
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Fig. 13-22 (a) Unijunction transistor sawtooth-waveform generator; (b) capacitor 
voltage waveform; (c) voltage waveform at B1; (d) voltage waveform at B2. 


whereupon the cycle repeats. The capacitor voltage appears as in Fig. 13-226. 
The charging time 7; is given by Eq. (13-20). 

Pulses develop as shown in Fig. 13-22c and d across Ry and Ry: during 
the interval when the device is on and the capacitor is discharging. The 
pulse at B1 has an abrupt leading edge, but the anticipated abrupt drop at 
the trailing edge may not be easily apparent if the holding current is small 
in comparison with the current at the moment of breakdown. The B2 
current is smaller, being the B1 current minus the emitter current, but is 
more nearly constant during the capacitor discharge. Improved linearity 
of the triangular waveform may be obtained by using feedback methods, as 
explained in Chap. 14. An improved pulse waveform is obtained by connect- 
ing the base of a CE n-p-n transistor amplifier to B1 of Fig. 13-22¢ and taking 
the output from the collector of the transistor. 

The resistor Ri is in series with the device terminals between which 
appears the negative resistance. In order that the effect of the negative 
resistance not be deemphasized it is necessary to limit the magnitude of the 
positive resistance Ry: to some tens of ohms. The resistor Ry: may be larger, 
ranging up to some hundreds of ohms. 


Astable Circuit with Controllable on and orr Times The total time ofa 
cycle of the circuit of Fig. 13-22 includes the interval during which C discharges. 
This interval is difficult to control, depending as it does on the characteristics 
of the device when it is conducting heavily. Such characteristics are ordi- 
narily neither specified nor controlled by the manufacturer. However, for 
the case where Rj; = 0 the following empirical relationship has been found’ 


Fig. 13-23 (a) Unijunction transistor astable multivibrator yielding two comparable 
controllable timing intervals; (b) waveform across C; (c) emitter voltage waveform; 
(d) waveform at B2, 


for the time 7’. for the emitter voltage to fall from Vp to Vy: 
T, = (2 + 5C)Va(sat) (13-21) 


where 7, is in microseconds, C is in microfarads, and V z(sat) is in volts. For 
example, with C = 0.01 uF and Ve(sat) = 2 V, T: ~ 4 usec. It is also found 
that T. increases with temperature. 

A circuit modification which yields a waveform consisting of two compara- 
ble controllable intervals is shown in Fig. 13-23. During the interval 7,, when 
the UJT is orr, the capacitor C charges through.diode D and an effective 
resistance Re toward the voltage Ver, where 
RR, RoVes . (13-22) 


Re=FtR, V8" = R+ Rs 


if we neglect the forward voltage across the diode. This asymptotic voltage 
is selected, as indicated in Fig. 13-24, to be larger than the peak voltage, 
Ver > Vp, so that the UJT goes on when vz = vc = Vp. At this point the 
emitter voltage drops abruptly, diode D becomes reverse-biased, and the 
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capacitor begins to discharge through R.2. During this discharge the voltage 
Vc is approaching zero asymptotically. 

During the interval T,, when diode D is reverse-biased, the supply Vas 
furnishes emitter current to the UJT through R,. The supply Vag and 
resistor 2, have been selected, as in Fig. 13-24, so that the point of intersection 
of the corresponding load line with the device characteristic is in the negative- 
resistance region at point Pz. In order that this point should be so located 
it is necessary that 


Ri > ue (13-23) 
Vv 


where Jy is the valley current. The equilibrium voltage is V:, which is some- 
what larger than the valley voltage Vy. Thus, as shown in Fig. 13-23c, when 
the UJT goes on, vg falls to Vi. It should be recalled from Sec. 13-5 that 
even though P, is on the nr portion of the characteristic it is a stable equi- 
librium point, provided that the capacitance C’ (not C) shunting the emitter 
with the diode open is below the critical capacitance. 


Slope = — R, 
Diode D reverse-biased 


Fig. 13-24 INustrating the path of operation of the astable uni- 
junction transistor circuit of Fig. 13-23. Note that current is plot- 
ted along the abscissa, as in Fig. 12-6, rather than along the ordi- 
nate, as in Fig. 13-1b. — 
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From Fig. 13-23 we observe that when vc drops to V1, diode D conducts, 
the capacitor C appears again across the negative-resistance terminals, and 
the point P, now becomes unstable. At the moment diode D conducts, the 
emitter current is diverted through the diode and the UJT goes oFr. 

It is of interest to trace the path of operation of the circuit on the volt- 
ampere characteristic of the device. The characteristic and load lines are 
shown in Fig. 13-24. Starting at the point Pi, where v = Vi, the operating 
point moves up the characteristic as the capacitor charges until the break 
point P is reached. In an ideal case (where there is no series inductance L), 
at this point there would be an abrupt transition at constant voltage to Ps, 
which is the intersection of the peak current Jp and the characteristic. There- 
after, the operating point would move along the characteristic to the equi- 
libriuin point at Ps. Actually, because of the presence of L and the smail 
capacitance C’ which shunts the emitter when D is reverse-biased, the transi- 
tion is not instantaneous. The capacitance C’ discharges during the transition 
and the equilibrium point P, is approached by some shorter path, as indicated. 
In any event, the circuit comes to rest at P, and remains at this point until 
it is rendered unstable by the reconnection of the capacitance C.as the diode D 
becomes forward-biased. At this time a fast transition takes place from P2 
to the initial point P., the current through RA. transferring from the emitter to 
the diode while the voltage across C remains at V}. 

The charging interval T, is given by Eq. (13-20), which now takes the 
form 

js Ri RC Vuz et Vi i 
T= Ri + Ri In Veg Ve (13-24) 


The discharge interval 7'; is found from Fig. 13-23b to be 


T, = RC ln (13-25) 


The voltage levels of the waveform vs_ may be determined by drawing 
a load line corresponding to Vga and Azz on the characteristics of Fig. 12-7. 
The orr level corresponds to the current Iz = 0, and the on level to the 
current Iz = (Vas — V:)/R: Since the emitter current is constant during 
each of the two intervals, the waveform of Fig. 13-23d displays no tilt. 


Bistable Circuit® A bistable UJT circuit is shown in Fig. 13-25a. The 
use of the two resistors Ri and R, allows some flexibility of adjustment since 
they make possible separate adjustments of emitter-supply voltage Vex and 
resistance Rg. That such is the case is seen in Fig. 13-25b, where the values of 
Veg and Rez are given by Eqs. (13-22). The load line passing through the 
points P,, P2, and P; corresponds to bistable operation since, of the three 
stable equilibrium states, only two, P; and P3;, are accessible. The load 
line passing through P}, P;, and P; may also yield bistable operation. For 
again, in the absence of capacitance,‘the point P; on the NR portion may 
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Van Veg Vas 
R Ry Rr R, 
B2 B2 
Bi Bi 
R, 
Ry Ry, 
Fig. 13-25 (a) A UJT bi- 
(a) (5) 


stable multivibrator; (b) 
circuit equivalent to (a); 
(c) two possible load lines 
which will yield bistable 
operation. 


i 


actually be stable. Note that unlike the astable condition (Vzz > Vp), it is 
necessary for bistable operation that Vig < Vp. 

If the circuit is at point P, or P{, a transition may be induced by raising 
the voltage at the emitter above Ve. In Fig. 13-25c the difference in voltage 
level between Vez, Pi, and P{ has been exaggerated. Actually the three 
voltages are so close that if a triggering voltage in excess of Vp — Vex is 
introduced either in series with Vex or applied directly to the emitter (say 
through a small capacitance), then switching will have been accomplished. 
The circuit may also be triggered by the application of a negative pulse at B2. 
From Eq. (12-1) we see that if the voltage at B2 is lowered by AV gz, then 
Vp will be lowered by 1/AVg2. To cause triggering we need to lower Vp by 
the amount Vp — Veg. Thus triggering to the on condition may be achieved 
with a negative pulse applied at B2 and of magnitude (Vp — Ver)/n, which 
is larger than that required at the emitter because » <1. In the same way 
a negative pulse at B1 of magnitude (Vp — Vez)/(1 — ») will cause 
triggering. Observe that at both B1 and B2 a negative pulse is required. 

When the circuit is at P; or P; a transition may be induced by lowering 
the load line to the extent that only a single equilibrium point remains, and 
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this in the low-current region. A negative pulse applied at the emitter will 
lower the effective Vg and so accomplish switching. Alternatively, a posi- 
tive pulse at B1 will raise the device characteristic and so achieve the same 
end. In either case the advantage is apparent of operating at P%, rather 
than at P3, since in the former case a smaller trigger will be required. Once 
the UJT is on the voltage at B2 does not have a marked effect on the forward- 
biased emitter junction, so that triggering to the orr state at B2 is normally 
not very effective. 
A monostable UJT configuration is given in Fig. 14-8. 


13-14 SILICON-CONTROLLED-SWITCH CIRCUITS? 


All of the circuits which can be designed around p-n-p-n diodes and UJTs 
can be constructed as well with silicon controlled switches. The SCS offers 
the advantage of a gating terminal. The p-n-p-n diode has no separate 
gating terminal, and any gating voltage to be applied must be introduced as 
8 superposition on the voltage across the two diode terminals. Thus there 
is no isolation between the triggering source and that part of the circuit 
which consists of supply voltage, load resistor, and the terminals between 
which there appears the negative resistance. The situation is not much 
better with the UJT. Here it is possible to trigger at B2 while the negative 
resistance appears between emitter and Bl. But we have seen that the 
triggering pulse required at B2 is multiplied by the factor 1/n (= 2) over the 
trigger required at the emitter. On the other hand, as described in Sec. 12-7, 
an SCS may be extremely sensitive to a trigger signal on the gate. 

A number of applications of the SCS are indicated in Fig. 13-26. In 
Fig. 13-26a an SCS is employed as a comparator. When the signal »; attains 
the triggering level, the switch fires and a large and abrupt response occurs 
inv, atthe output. The firing voltage of the switch has a negative temperature 
coefficient of about 3mV/°C. For application over a wide temperature range 
some form of temperature compensation will be required, such as the use of 
temperature-sensitive resistors (thermistors) at the input. It should be 
remembered in this and other applications that the SCS can handle consider- 
able power. Thus the low-level output from a magnetic core or a sensitive 
transducer applied at the gate in Fig. 13-25a can excite power loads placed 
directly in the anode circuit, for example, a card-punch solenoid, a magnetic 
clutch, an indicator lamp, etc. 

A pulse generator is shown in Fig. 13-26b. This circuit is so similar in 
operation to the circuit of Fig. 13-20 that we need only call attention to 
the convenience of triggering. 

In the sawtooth-generating circuit in Fig. 13-26c the capacitor charges 
through R, and with time both the anode and gate voltage rise to the point 
where the switch fires. The capacitor then discharges and the cycle begins 
again. 
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Fig. 13-26 Circuit applications of the silicon controlled 
switch. (a) Comparator; (b) pulse generator; (c) saw- 
tooth-waveform generator; (d) multivibrator or flip-flop. 


In Fig. 13-26d we have a circuit which may be astable or bistable. It 
will be astable if the supply voltage is larger than the firing voltage and 
bistable if the supply voltage is smaller. .In the latter case triggering signals 
will have to be supplied to the two bases through small capacitors, as in the 
corresponding p-n-p-n diode circuit of Fig. 13-21. 


13-15 TRANSWITCH, TRIGISTOR, AND THYRISTOR TRIGGERING 


We had noted that the principal feature of these devices is the feasibility 
of turning them orr with a triggering signal. Two methods of triggering 
are shown in Fig. 13-27. In Fig. 13-27a a positive pulse at the base turns the 
device on and a negative pulse orr. The device is on for the time interval 
between the leading edges of the two pulses. In Fig. 13-276 both input pulses 
are negative; one is applied to the base and one to the cathode. As in Fig. 
13-20 the diode D allows the device current to flow when it is on and presents a 
high impedance to the turn-on pulse when the device is orr. Applications 
of these devices in counting circuits are given in Chap. 18. 
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Fig. 13-27 Two methods of triggering a trigistor, transwitch, or thyristor flip-Alop. 


13-16 AVALANCHE-MODE TRANSISTOR CIRCUITS? 1° 


Most mesa and MADT switching transistors may be used in an avalanche 
mode as pulse generators. The transistor volt-ampere characteristic of Fig. 
6-18 or 6-20 is repeated in Fig. 13-28a, and a basic circuit is indicated in Fig. 
13-28b. The load line is selected to yield a single stable point in the low- 
current region. The supply voltage charges the capacitor through R, 
to a voltage Vcc slightly less than the breakdown voltage BVczr. A pulse 
shown in Fig. 13-28¢ (or some other positive-going signal) applied to the 
base lowers the breakdown voltage, and the capacitor discharges rapidly 
through the transistor and the small resistance R,. The voltage across Ry 
shown in Fig. 13-28d drops very rapidly, as does the collector voltage. The 
speed with which these voltages change is determined by how quickly the 
transistor makes the transition from its low-current state to the state in which 
an avalanche discharge is established. It is in this low transition time (a 
few nanoseconds) that the transistor excels. 

Having reached a peak, the output voltage now decays to zero as the 
capacitor discharges. The collector voltage, as in Fig. 13-28¢, starts close to 
Vee and drops at the same high speed to the latching voltage LV cer, which, 
as the symbol indicates, is a function of the base resistance. Even after 
the capacitor has discharged, the collector voltage remains for a time at the 
latching voltage since an interval is required to allow the transistor to recover 
and return to its initial state. During this interval a small transistor current 
flowing now through #, maintains the collector at the lower voltage. Finally, 
as the transistor approaches complete recovery, the collector voltage returns 
again to Vcc but at a much slower rate than it fell. We may note, in passing, 
that if our interest is in a rapid voltage step rather than a pulse we may set 
Rx, = 0 and use the collector voltage itself. 
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Fig. 13-28 (a) Volt-ampere characteristic of avalanche-mode transistor; (b) circuit 
of a pulse generator (Ri < R.); (€) triggering pulse; (d) output waveform; 
(e) waveform at collector. 


The pulse width depends upon R,; and C and increases as C' increases. 
The rate at which the circuit may be driven is determined by R, and C. 
Typically R, ~ 10 K, whereas R, ~ 50 ©, so that nanosecond pulses with 
microsecond spacing between pulses may be obtained. Some precautions 
must be taken when adjusting the circuit for a high repetition rate. If C has 
been fixed by pulse-width requirements, the repetition rate may be increased 
by decreasing R.. But R, must not be made so small that the transistor will 
latch and remain permanently in avalanche. Under these, circumstances the 
transistor will exceed its dissipation rating. As noted in Sec. 6-10, latching 
voltages are in the range of tens of volts and currents in the avalanche region 
may range up to many hundreds of milliamperes. 

A procedure for increasing the repetition rate which avoids the danger 
of latching is indicated by the diode (shown dashed) in Fig. 13-28b. This 
collector catching diode is returned to a supply voltage Voc which is less 
than the breakdown voltage. Thus the supply Vcc may be increased well 
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Fig. 13-29 An avalanche-transistor comparator circuit. 


beyond the breakdown voltage, thereby increasing the speed of charging of 
the capacitor and hence the repetition frequency. 

A second precaution to be observed also has to do with the transistor 
dissipation: The maximum frequency of operation is limited by the dissipa- 
tion rating of the transistor. In physical circuits a 10-MHz repetition fre- 
quency is nonetheless possible. The pulse may be made progressively nar- 
rower by reducing the size of the capacitor until such time that the pulse width 
becomes comparable to the rise time. Beyond this point the pulse amplitude 
will become progressively smaller. ; 

The comparator circuit of Fig. 13-29 constructed with an avalanche 
transistor is useful for very fast waveforms. A.(nanosecond) output pulse is 
produced when the input exceeds a critical level, which depends upon the 
reference voltage Vr. 


13-17 AVALANCHE TRANSISTOR DELAY-LINE PULSE GENERATOR?® 


An avalanche pulse generator whose pulse amplitude and width are separately 
controllable and which provides a more rectangular pulse than is available 
from the circuit of Fig. 13-28) is shown in Fig. 13-30a. Here the capacitor 
‘has been replaced by an open-circuited delay line of characteristic impedance 
R,. An equivalent circuit for the purpose of calculating the waveforms is 
shown in Fig. 13-300, where avalanche breakdown is represented by the closing 
of the switch S. We now describe the operation of this circuit. 

When, in response to a triggering signal, the transistor breaks down (S 
closes), a negative voltage step Av = —V is applied to the line through the 
resistor Ry, << R.. This step has an amplitude V = Veg — LVcazg. Since the 
initial line current is zero, then a current step 


10+) = Ret Ri: = (13-26) 
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starts down the line at = 0+. When this current wave reaches the end 
of the line at t = ¢, it is reflected as a current step — J (the reflection coefficient 
p for current at an open circuit is —1). Att = 2tz this step —J reaches the 
beginning of the line and, as indicated in the reflection chart of Fig. 13-30c, 
is again reflected as (— J)p’, where p’ for a current wave is the negative of the 
reflection coefficient for a voltage wave given in Eq. (3-42). Hence, the total 
line current at t = 2tz+ is 

; = [—I— Ip = —Ip = a Bee 1 
u(2ta+) = I—I — Ip Ip Ra + Bz Rz/R. +1 


Neglecting the small current through R., we see from Fig. 13-30b that the 
transistor collector current i¢ is the negative of the line current 7. Hence, 
the collector current will be positive at ¢ = 2t,+ as long as R, > R.. Under 
these circumstances the transistor remains on and further reflections take 
place. This mode of operation is undesirable because the waveform across 
Ry will consist of a series of different voltage levels separated by intervals 2t., 
rather than a pulse output. 

We note from Eq. (13-27) that if R, = R, (the line is matched at the 
input end), then at ¢ = 2t, the transistor current i¢ is brought to zero and 
consequently the transistor goes OFF and the switch S is opened. However, 
if Ry < R,, then Eq. (13-27) indicates a reversal of collector current. Actu- 
ally, in this case the transistor will again simply go orr. In either case, then, 
Ri = R, or Ry < R., S opens at t = 2tg, and any current through Rz must 
now flow as well through the resistor R., which is very large in comparison 
with Ry. Therefore the voltage v, across Rz, will drop nominally to zero and 
remain there. Altogether, we have the result that for R: < R, there will 
develop across Rr a pulse whose duration 2, is controllable through adjust- 
ment of the transmission-line delay time and whose amplitude is adjustable 
through Rz and V in accordance with the relationship 


—VR1 
R. + Ri 


(13-27) 


vo = 1(0+)R, = 


(13-28) 


9 Voc 


Fig. 13-30 (a) The pulse width of an avalanche-transistor generator is controlled by 
an open-circuited delay line; (b) an equivalent circuit after the transistor is triggered; 
(c) the reflection chart for the line current. 
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The output voltage step is negative and has a maximum magnitude of V/2 
because R, < R.. 

The pulse which appears across R, in Fig. 13-286 results from the differ- 
entiation of the step generated by the avalanche transistor by the R,C differ- 
entiating circuit. On this basis we may see that, in going from the circuit of 
Fig. 13-285 to the circuit of Fig. 13-30, we have replaced the R,C differentia- 
tion by delay-line differentiation, as described in Sec. 3-16. 

We have assumed that the circuits of Figs. 13-28b and 13-30a were 
externally triggered. Either circuit may be rendered astable by raising Vec 
or returning £, to a bias voltage such that avalanche breakdown occurs without 
the need for an external trigger. 
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VOLTAGE TIME-BASE 
GENERATORS 


A linear time-base generator is one that provides an output waveform, 
a portion of which exhibits a linear variation of voltage or current with 
time. An application of first importance of such a waveform is in 
connection with a cathode-ray oscilloscope. The display on the screen 
of a scope (cathode-ray oscilloscope) of the variation with respect 
to time of an arbitrary waveform requires that there be applied to 
one set of deflecting plates a voltage which varies linearly with time. 
Since this waveform is used to sweep the electron beam horizontally 
across the screen, it is called a sweep voltage There are, in addition, 
many other important applications for time-base circuits, such as 
in radar and television indicators, in precise time measurements, 
and in time modulation. 


14-1 GENERAL FEATURES OF A TIME-BASE SIGNAL 


The typical form of a time-base voltage is shown in Fig. 14-1. Here 
it appears that the voltage, starting from some initial value, increases 
linearly with time to a maximum value, after which it returns again 
to its initial value. The time required for the return to the initial 
value is called the restoration time, the return time, or the fiyback time. 
Very frequently the shape of the waveform during the restoration time 
and the restoration time itself are matters of no special consequence. 
In some cases, however, a restoration time is desired which is very 
short in comparison with the time occupied by the linear portion of the 
waveform. If it should happen that the restoration time is extremely 
short and that a new linear voltage is initiated at the instant the previ- 
ous one is terminated, then the waveform will appear as in Fig. 14-2. 
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Fig. 14-1 A general sweep Fig. 14-2. A sawtooth voltage 
voltage. The sweep time is T, waveform. 
and the return time is 7,. 


This figure suggests the designation sawtooth generator or ramp generator. It 
is customary to refer to waveforms of the type indicated in Figs. 14-1 and 14-2 
as sweep waveforms even in applications not involving the deflection of an 
electron beam. 

We shall see that generators of time-base signals do not ordinarily provide 
sweep voltages that are precisely linear. Moreover, a nominally linear sweep 
may be distorted in the course of transmission through a coupling network 
(Secs. 2-2 and 2-6). The three most useful ways of expressing the deviation 
from linearity, and the correlations among them, are given below. 


The Slope or Sweep-speed Error e, In the case of a general-purpose 
cathode-ray oscillograph, an important requirement of the sweep is that the 
sweep speed (i.e., the rate of change of sweep voltage with time) be constant. 
A reasonable definition of the deviation from linearity is 


__ difference in slope at beginning and end of sweep 
_ initial value of slope 


(14-1) 


The Displacement Error eg In connection with other timing applications, 
a more important criterion of linearity is the maximum difference between 
the actual sweep voltage and linear sweep which passes through the beginning 
and end points of the actual sweep, as in Fig. 14-3. Here we may define 


, 
am {1 — Paloes (14-2) 
The Transmission Error e; If a ramp voltage is transmitted through a 
high-pass RC network, the output falls away from the input, as indicated 
in Fig. 2-10a and in Fig. 14-4. The transmission error is defined as the differ- 
ence between the input and output divided by the input. Thus, with refer- 
ence to Fig. 14-4, we have (at time ¢ = T’,) 


he 7 Ve . (14-8) 
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0 T; t 0 T, t 
Fig. 14-3 Relating to the defini- Fig. 14-4 Relating to the defini- 
tion of displacement error. tion of transmission error. 


If the deviation from linearity is small, so that the sweep voltage may be 
approximated by the sum of a linear and a quadratic term in ¢, then 


ea = he, = dey (14-4) 


14-2 METHODS OF GENERATING A TIME-BASE WAVEFORM 


We shall discuss time-base circuits in which sweep linearity is achieved by 
one of the following seven methods: 


1. Exponential charging. A capacitor is charged through a resistor to a 
voltage which is small in comparison with the supply voltage. 

2. Constant-current charging. A capacitor is charged linearly from a 
constant-current source. 

3. The Miller circuit. An operational integrator is used to convert a step 
into a ramp waveform. 

4. The phantastron circuit. This configuration is a version of the Miller 
circuit which requires only a pulse input and not an external step or gating 
waveform. | 

5. The bootstrap circuit. A constant current is approximated by main- 
taining nearly constant voltage across a fixed resistor in series with a capacitor. 

6. Compensating networks. A compensating circuit is introduced to 
improve the linearity of the bootstrap and the Miller time-base generators. 

7. An inductor circuit. An RLC series circuit is used to yield more 
linear capacitor charging than is possible without the use of the inductor. 


Vacuum tubes, gas tubes, transistors, or other semiconductor devices 
are used with each of the above circuits, depending upon the application, 
convenience, speed, and other practical considerations. 
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14-3 EXPONENTIAL SWEEP CIRCUIT 


The exponential sweep circuit is illustrated in Fig. 14-5a. Até¢ = 0 the switch 
S is opened and the sweep voltage v, is given by 


v, = V(t — eRe) (14-5) 


For the present discussion the physical form of the switch S (tube, transistor, 
etc.) is unimportant. Suffice it to say that after an interval T,, when the 
sweep amplitude has attained the value V,, the switch again closes. The 
resultant sweep waveform is indicated in Fig. 14-5b (assuming zero switch 
resistance). 

If the definition of the sweep-speed error of Eq. (14-1) is applied to Eq. 
(14-5) we find that e, is given exactly by 


V, 
Vv 
The linearity improves as the ratio V,/V decreases. Hence, the simple 
circuit of Fig. 14-5 is useful only in applications requiring sweep voltages 
of the order of volts or tens of volts. For example, a 20-V sweep can be 
obtained with a sweep-speed error of less than 10 percent by using a supply 
voltage of at least 200 V. Time-base voltages of hundreds of volts require 
power supplies of thousands of volts, which are inconveniently large. 

If i/RC <1, it is convenient to expand the exponential in Eq. (14-5), 
so that 


= (14-6) 


Vi t P 
"= RO (1 ~ R60 + 6RG ) Get) 
Since », = V, when t = T,, we have to a first approximation that 
Ve Tf, 
Vo RC oF 


It follows from Eqs. (14-6) and (14-8) that if a voltage increases exponen- 
tially for a time 7, with a time constant +r = RC, the sweep-speed error 
is approximately 


Ve ots i 
a=Gat (14-9) 


Fig. 14-5 (a) Charging a capaci- 
tor through a resistor from a fixed 
A + 


voltage; (b) the resultant exponen- s CX 
tial waveform. tC 
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We shall apply this result many times to the various circuits to be discussed 
in this chapter. If a sweep is to be reasonably linear, the time constant 7 
must be large compared with the sweep duration T,. 

From the linear term in Eq. (14-7) we find that Vj, defined in Fig. 14-4, 
is given by V; = VT,/RC. If the first two terms in Eq. (14-7) are retained, 
we find 


VT, T, - 
Ve = Za (2 a inc) (14-10) 
Applying the definition [Eq. (14-3)] of transmission error to Eq. (14-10) gives 
T, _AT, a 
= 5pO a (14-11) 


Note from Eqs. (14-9) and (14-11) that e, = 2e,, which is consistent with Eq. 
(14-4). From Eq. (14-4) the displacement error is given by 


ages (14-12) 


If a capacitor C is charged by a constant current J, then the voltage across 
C is It/C. Hence, the rate of change of voltage with time is given by 


Sweep speed = - (14-13) 


This relationship will be used many times throughout this chapter. 


14-4 NEGATIVE-RESISTANCE SWITCHES 


Many devices are available to serve as the switch S in Fig. 14-5. In this 
section we consider the use of a negative-resistance device for S. In the 


(a) = (b) 
Fig. 14-6 Sweep circuits which use for the switch S of Fig. 14-5 (a) a UJT and 
(b) a thyratron (the dot inside the tube symbol indicates that the tube con- 
tains gas). 
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Fig. 14-7 The capacitor waveform of the 
circuits of Fig. 14-6. 


following section we consider circuits in which the vacuum tube and the 
transistor are employed as the switch, 

Any current-controlled negative-resistance device (Sec. 13-1) may be 
used to discharge the sweep capacitor. In Fig. 14-6a a unijunction transistor 
(Sec. 12-3) is indicated for this purpose, and in Fig. 14-6b the thyratron! plays 
the role of the switch, The waveform of the capacitor voltage for either 
switch is shown in Fig, 14-7. The UJT base-current waveforms are plotted 
in Fig. 13-22. This astable operation of the UJT is explained in Sec. 13-13, 
where Vp and Vy are identified, respectively, as the peak and valley voltages 
of the emitter characteristic of Fig. 12-6. The supply voltage Vyy and the 
charging resistor & must be chosen so that the load line intersects the volt- 
ampere characteristic in the negative-resistance region. If the intersection 
is at some voltage V’ on one of the positive-resistance regions, then the circuit 
will “latch” or “block”’; i.e., the oscillations will cease and the voltage across 
C will remain constant at V’. 


The Thyratron Switch The voltage Vp now represents the plate break- 
down potential corresponding to the grid voltage Vee. For the type 884 
thyratron the critical grid breakdown characteristic is given by Vp ~ 8V@q. 
The minimum value Vy of the sweep in Fig. 14-6b is the maintaining volt- 
age of the gas tube. It will be recalled that once the arc has formed in a 
thyratron, the grid loses its ability to control the tube current. Variations 
in grid voltage accomplish nothing but a variation in the thickness of the 
positive-ion sheath surrounding the grid. The arc will persist just as long as 
the current through the tube is large enough to maintain an adequate supply 
of positive ions to replace those ions which are lost through the process of 
recombination. If the current is large enough to maintain the ion supply 
and is less than the saturation current of the tube, the tube drop will remain 
essentially constant at the maintaining voltage Vy independently of the cur- 
rent. Over this range of currents, the tube current is determined by the 
circuit external to the tube. The arc may be extinguished only by reducing 
the tube current below the minimum required to maintain ionization. When 
the are has been extinguished, the grid once again regains control and deter- 
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mines the plate voltage that must be applied to cause breakdown. The 
maintaining and extinction voltages are approximately equal. 

The thyratron circuit generates the waveform of Fig. 14-7 in the following 
manner. The capacitor C charges through FR, approaching asymptotically 
the supply voltage Vyy as shown. When the plate attains the voltage Vp, 
the thyratron ignites. At this point the thyratron may be considered to be 
replaced by a battery whose terminal voltage is equal to the maintaining 
voltage of the tube. The capacitor C will discharge through the tube and 
series resistor r until the capacitor voltage drops to Vy. The are will extin- 
guish itself at the instant the tube current is less than the minimum required 
to maintain the arc, and the charging of the capacitor through & from the 
supply voltage will begin again. The resistor 7 is made small enough to permit 
a rapid discharge (small T,) of the capacitor but not so small that it permits 
a larger discharge current through the tube than the tube can safely handle. 
The maintaining voltage of the 884 thyratron is about 16 V, the minimum 
current required to maintain the arc is of the order of magnitude of 1.0 mA, 
and the maximum peak current which should be permitted to flow at the 
discharge of the capacitor is about 0.5 A. To limit the positive-ion grid 
current to a safe value, a resistor R, (~ 10 K) is inserted in the grid circuit. 


The Free-running Mode The sweep-voltage waveform, », = ¥¢ — Vy in 
Fig. 14-7, is given by Eq. (14-5) with V = Vyy — Vy. The sweep amplitude 
is V. = Vp — Vy and is given by Eq. (14-8). The linearity errors are given 
by Eqs. (14-9), (14-11), and (14-12). For good linearity V, must be much 
smaller than V, or, since usually Vp >> Vy and Vyy > Vy, we require that 
Vp<Vyy. If the unijunction transistor is used as the switch, then there 
is, in addition, a restriction on the magnitude of Vaz. From Eq. (12-1) 
Vp = nVes + V,, where the intrinsic stand-off ratio 7 ~ 0.5 and V, ~ 0.6 V. 
Therefore for a UJT it is necessary that Vyy > Vas. Uf, for example, one 
power supply is used, so that Vas = Vyy, then a very poor sweep is obtained 
(Prob, 14-5). 

In the sweep circuit presently being considered the waveform is repetitive; 
one sweep is initiated immediately at the termination of the previous sweep 
and the circuit does not wait for some external signal to initiate the sweep. 
This mode of operation is termed free-running, astable, or recurrent, and it is 
customary to calibrate the control dials of the scope in frequency rather than 
sweep time. The frequency is a function of Vyy, Vas or Vee (since Vp is a 
function of Vas or Veg), R, and C. In practice, the voltages are kept constant 
and the frequency is varied through R and C. In this way the amplitude and 
linearity of the sweep are kept constant. Continuous variation of frequency 
is accomplished through varying R, and the ranges are changed by switching 
the value of C. 

If a periodic signal of frequency f, is applied to the vertical axis of a scope 
while a sweep of frequency f, is applied to the horizontal axis, a stationary 
pattern of n cycles will appear iff. = nf, A portion of the last cycle occurs 
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during the return time. If the return time T, is very small in comparison 
with the sweep time, the beam will move much more rapidly during the return 
than during the sweep, and the return trace on the CRT (cathode-ray tube) 
screen will be very faint or even invisible. This disappearance of the return 
trace is ordinarily desirable for the sake of clarity of presentation of the pattern 
on the scope screen. In both the thyratron and the UJT sweep circuits, keep- 
ing the capacitor C' small will shorten the retrace time. In Prob. 14-8 there 
is presented a circuit employing an additional transistor in a manner to hasten 
the capacitor discharge in the UJT circuit. 

Where a sweep operates with T, not very small in comparison with T,, 
the return trace may be made invisible by turning off, or blanking, the CRT 
beam during retrace. In the thyratron sweep this blanking may be achieved 
by applying to the grid of the CRT the negative spike which results when the 
sweep waveform is passed through a differentiating circuit. For the UJT 
sweep the voltage developed at B2,vs2 in Fig. 13-22, applied to the CRT will 
accomplish the required blanking. 

To maintain the condition f, = nf, exactly for long periods of time, 
it is necessary to synchronize the sweep generator to the signal. If f, is 
only very slightly different from nf,, the waveform will drift slowly across 
the screen. Synchronization is accomplished by applying to the base of 
the UJT or the grid of the thyratron the vertical-deflecting signal, increased 
or reduced in amplitude as may be required. The process of synchronization 
is explained in detail in Chap. 19. 


The Triggered Mode A waveform may not be periodic but may occur 
rather at irregular intervals. In such a case it is desirable that the sweep 
circuit, instead of running continuously, should remain quiescent and wait to be 
initiated by the waveform itself. Even if it should happen that the waveform 
does recur regularly, it may be that the interesting part of the waveform is 
short in time duration in comparison with the period of the waveform. For 
example, the waveform might consist of 1-msec pulses with a time interval of 
100 msec between pulses. In this case the fastest recurrent sweep which will 
provide a synchronized pattern will have a period of 100 msec. IH, typically, 
the time base is spread out over 4 in. (on a 5-in. CRT), the pulse will occupy 
0.04 in. and none of the detail of form of the pulse will be apparent. If, on the 
other hand, a sweep of period 1 msec or somewhat larger could be used, the 
pulse would be spread across the entire screen, Therefore, what is required 
here is a sweep set for, say, a 1.5-msec interval which remains quiescent until 
it 1s initiated by the pulse. Such a monostable circuit is known as a driven 
sweep or a triggered sweep. 

The circuit for a driven sweep is shown in Fig. 14-8a. The block S 
represents either the UJT or the thyratron switch of Fig. 14-6. The only 
modification required in the circuit of Fig. 14-6 to convert it from an astable 
to a monostable time-base generator is the addition of the clamping diode D. 
The mechanical switch S’ is open (position B), and the clamping reference 
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Fig. 14-8 (a) A driven sweep, where the switch S is a negative-resistance device 
and S’ is open; (b) a pulse-type sync signal v; (positive for a thyratron and nega- 
tive for a UJT) and the triggered time-base voltage vc across the capacitor. 


voltage Ve is determined by the resistors Ri and R2 The voltage Ve is 
adjusted to be less than Vp. Accordingly, as the capacitor voltage increases, 
a point is reached before the thyratron or the UJT fires where the diode 
conducts and prevents further rise of the capacitor voltage. Thus D is a 
catching diode (Sec. 8-13) which clamps the sweep to Vr. Now let a signal 
be applied to the syne (synchronizing) input (a negative signal to the UJT 
base B2 or a positive signal to the thyratron grid) which even instantaneously 
lowers the firing voltage Vp below Vr. Then the capacitor will discharge 
quickly (in the retrace time 7) and charge again exponentially toward Vyy, 
but it will be clamped when it reaches Vr. 

Figure 14-8b shows the operation of a triggered sweep for a case in which 
the waveform to be observed on the scope consists of a train of pulses. This 
signal v; is applied to the vertical-deflection amplifier of the scope and is used 
also to trigger the sweep circuit. Observe that at the occurrence of the leading 
edge of a pulse the circuit capacitor first discharges, after which a linear sweep 
occurs. Note also that the sweep speed has been adjusted so that the pulse 
will be spread out over a large portion of the sweep trace. The signal will have 
to make some departure from its quiescent value before the sweep circuit 
responds. Thereafter a portion of the signal occurs during the retrace. 
Therefore this type of triggered sweep is suitable for use with slow waveforms 
only where we may tolerate losing a small interval of the first portion of the 
waveform. 

For the thyratron switch the minimum retrace time 7, is determined 
by the deionization time of the gas and is of the order of 10 sec. For the UJT 
switch, T, is given by Eq. (13-21), which yields a minimum value for small C 
of a few microseconds. Because of the relatively large retrace times obtained 
with a UJT or thyratron switch, most modern high-frequency scopes with fast 
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Fig. 14-9 A block diagram of a general-purpose-scope sweep system. (Switch 
S’ is detailed in Fig. 14-8.) 


sweeps use vacuum-tube or transistor switches (described in the following 
section). 

The triggered sweep of Fig. 14-8 may readily be converted to free-running 
operation by using a mechanical switch S’ (in position A) to short out &.. 
Under these circumstances Vg = Vyy and D never conducts. The circuit is 
then equivalent to the astable time-base generator of Fig. 14-6. 

A block diagram of a slow-speed general-purpose scope? using a thyratron 
switch is indicated in Fig. 14-9. The sync polarity selection is made by taking 
the output across either a plate or a cathode resistor. The syne amplifier 
is conventional and has an input gain control. The thyratron sweep is essen- 
tially that of Fig. 14-6b, and the clamp is the diode network of Fig. 14-8a. 
The blanking circuit consists of a high-pass RC differentiating network followed 
by an amplifier. The blanking pulse is applied to the CRT cathode so that the 
CRT grid may be available at a front-panel terminal for external intensity 
modulation. 


14-5 SWEEP CIRCUIT USING A VACUUM-TUBE 
OR TRANSISTOR SWITCH 


The basic circuit of a vacuum-tube or transistor-switch sweep circuit is indi- 
cated in Fig. 14-10a, where A represents either a vacuum-tube switch, as 
in Fig. 8-26, or a transistor switch, as in Fig. 8-27. This capacitor-loaded 
switch is discussed in detail in Sec. 8-12. However, there is an essential 
difference in emphasis now, since the sweep capacitor C may be quite large 
instead of simply representing the small inevitable output shunt capacitance 
C, of Sec. 8-12. The input “gating” waveform »v; may be derived from a single- 
shot circuit, in which case a monostable or triggered sweep results. On the 
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(b) 


Fig. 14-10 (a) A transistor or vacuum tube A used as a switch for 
a triggered sweep; (b) the input gate voltage v; and the voltage 


waveform t¢ across the capacitor. 


other hand, if »; is the output of an astable multivibrator, then a free-running 
sweep is generated. Without sacrificing generality we need consider only the 
driven time-base waveform. 

In the quiescent state, <0, the input (grid or base) is clamped near 
ground and the output is at its lowest magnitude Vy, as indicated in Fig. 
14-100. This valley voltage Vy equals the collector-to-emitter saturation 
voltage Vcx(sat) for a transistor or the plate voltage for zero grid voltage 
if a tube is under consideration. At t= 0+ and for a gating time T,, the 
switch is cut off and the capacitor charges through R toward Vyy to a peak 
value Vp. From Eggs. (14-13) and (14-8) the initial sweep speed and the 
(approximate) sweep amplitude are 


I V VT, 
G = RC and Vi, = RC (14-14) 
where 
V = Vyy — Vy V. = Vep— Vy (14-15) 
The slope error is, from Eq. (14-9), 
ve. fT, 
Qa = Vv ~ RC (14-16) 


At the end of sweep time 7,, the capacitor discharges and its final value 
is Vy, as indicated in Fig. 14-10b. The recovery waveform is quite different 
with a tube switch from that obtained with a transistor switch. These two 
situations are discussed in detail in Sec. 8-12, and the waveforms are pictured 
in Figs. 8-26d and 8-27d (in the neighborhood of ft = 72+). 

If a negative-going sweep is desired, then a p-n-p transistor may be used, 
with Vyy replaced by —Vcc. With a tube switch it is not possible to obtain 
a negative-going sweep directly, but an (operational) amplifier may be used to 
invert the output. 
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A Time-base System The essential blocks of many commercial’ high- 
frequency scopes (built with either tubes or transistors) are shown in Fig. 14-11. 
The circuit is more complicated but more versatile than one using a negative- 
resistance switch and is capable of the much higher sweep speeds which are 
required in a high-frequency oscilloscope. The sweep circuit is intended to be 
used as a triggered (driven) sweep at all times. Typically, the vertical ampli- 
fier response extends from zero to some tens of megacycles per second (rise 
time equals a few tens of nanoseconds), and the sweep time is continuously 
adjustable from 1 sec/cm to 0.1 ysec/em. 

Ignoring for the moment the refinement introduced by the dashed block 
marked ‘Hold-off circuit” (explained in the next section), we shall describe 
the remainder of the system. The first two blocks in Fig. 14-11 serve the 
same purpose as the corresponding circuits in Fig. 14-9. The sync amplifier 
need not operate linearly, since all that is required is that the output be large 
and fast enough to be able to trigger the gate generator. In some scopes a 
Schmitt discriminator (Sec. 10-11) is used (not indicated in Fig. 14-11) to 
obtain a pulse at some definite voltage on either the rising or falling portion 
of the signal, as desired. Since this trigger is used to start the sweep, a selected 
portion of the input signal appears on the scope face. 

The third block in Fig. 14-11 may be a monostable multivibrator (Chap. 
11) whose gate width is determined by a resistor Ri and a capacitor Cy. A 
negative gating waveform (v; of Fig. 14-10b) obtained from output Y, of the 
multi is applied to the sweep generator of Fig. 14-10a, the sweep speed of 
which depends upon R and C. It may happen that the sweep circuit is 
adjusted in such a manner that the interval between triggering pulses is only 
slightly longer than the sweep time 7,. In this case, there will not be adequate 
time for the sweep capacitor to discharge to Vy between sweeps. If the sweep 
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Fig. 14-11 A block diagram of a time-base system using transistors or vacuum tubes. 


526 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS . Sec. 14-6 


generator is d-c-coupled through the amplifier to the CRT, the starting 
point of the sweep on the CRT screen will depend on the extent to which the 
sweep capacitor has been able to discharge. To avoid this shift in starting 
point the sweep generator is coupled to the amplifier through a d-c restorer. 

In a case in which the sweep time is short in comparison with the time 
between sweeps the CRT beam will remain in one place most of the time. 
If the intensity is reduced to prevent screen burns, the fast trace will be very 
faint. To intensify the trace during the sweep, a positive gate which is 
derived from the output Y» of the multi is applied to the CRT grid. Asa 
matter of fact, in the presence of this ‘‘unblanking” or ‘‘intensifier signal” the 
beam brightness may be adjusted so that the spot is initially invisible but 
the trace will become visible as soon as the sweep starts. 

The gating circuit has a bias gain control labeled “Sweep stability,” 
which may be set so that the monostable multi functions in an astable mode 
(Sec. 11-11). In operation the “‘trigger-amplitude”’ control is initially set so 
that no sync signal reaches the multi. The sweep-stability control is adjusted 
so that the multi is astable and a trace appears on the CRT screen. The 
sweep-stability control is then adjusted until the trace just disappears. The 
multi is now biased for monostable operation. Under these circumstances, 
the trigger amplitude is increased just to the point where the sweep reap- 
pears, and the sweep-time controls are adjusted until a stationary pattern is | 
observed. 

We have already noted that the sweep speed is determined by RC in the 
sweep generator, whereas the gate width is determined by 2iC; in the gate 
generator. If the sweep amplitude is to remain nominally constant, the gate 
controls R, and C; must be adjusted whenever the sweep speed controls 
R and C are varied. Capacitors C, and C are switched simultaneously to 
change the range of sweep speed, and resistor &, which is used for continuous 
variation of sweep speed, is ganged to R;. No attempt is made to maintain 
constant amplitude with any precision. The sweep amplitude is deliberately 
made so large that the end of the sweep occurs at a point well off the CRT 
screen, so that variations of amplitude are not observed. 


14-6 A FIXED-AMPLITUDE SWEEP 


An excellent method‘ of obtaining a fixed-amplitude time base is to replace 
the monostable gate with a bistable circuit and to add a feedback loop from 
the output back to the input of the binary via the ‘“hold-off circuit,” as indi- 
cated by the dashed block of Fig. 14-11. This part of the system is detailed 
in Fig. 14-12 for a transistorized sweep, although the same technique has been 
implemented with tubes. The description of the circuit operation now follows. 

_ The gate generator is an emitter-coupled binary (a Schmitt circuit) with 
a large hysteresis voltage Va (Sec. 10-11). Initially transistor Q5 is cut off 
and diode D2 is conducting, so that the stability-control P may be used to 
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Schmitt gate generator Sweep generator Emitter follower 


+ - - 
> 9 


Trigger | 
input 


Stability Hold-off emitter _Y 
control follower Vo 


(a) (b) 
Fig. 14-12 (a) A technique for generating a time-base waveform of fixed ampli- 
tude. (b) The Schmitt critical levels are Viand Vz. The base of Q1 is initially at 
V.. An input trigger causes a transition, and then the voltage fed back from the 
sweep drives the base of Q1 toward V2, where the reverse transition takes place. 


adjust the bias of QI to be V, just below the upper triggering which is level 
Vi, a8 indicated in Fig. 14-12b. Hence, Q1 is orr, Q2 is on, and Q3 is in 
saturation, so that the voltage across the sweep capacitor C is clamped to 
Vexr(sat). The trigger input waveform consists of positive and negative syne 
pulses (obtained by shaping the input signal). A negative pulse is bypassed 
by D1 but a positive signal larger than V, — V, causes a transition in the 
binary. The resulting positive step at Q2 reverse-biases Q3 and initiates a 
negative-going sweep voltage across C. The emitter follower Q4 is used for 
the sake of its high input impedance. This emitter follower transmits the 
sweep to the hold-off emitter follower Q5, which, as noted, is initially cut off. 
After some time elapses, the negative-going sweep turns on Q5. The falling 
voltage at the emitter of Q5 eventually causes D2 to become reverse-biased. 
Thereafter, the base of Q1 is free to follow the negative-going output voltage 
of Q5. Because of the hysteresis of the binary circuit, this reduction in 
voltage at the input to Q1 will not immediately cause a reversal of state of the 
binary. But eventually, at a definite sweep amplitude the input to Q1 
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is brought to the lower triggering level V2 of Fig. 14-12b. The emitter- 
coupled binary makes a reverse transition at this time T,, so that Q3 is again 
driven into saturation and capacitor C starts to discharge. 

As the capacitor C discharges, the transistor Q5 returns to cutoff. Even- 
tually the circuit will settle itself again in its initial state, with diode D2 
conducting and the base of Q1 at the level V, just slightly below Vi. However, 
before this initial state may be attained the hold-off capacitor Cy must dis- 
charge through the emitter resistor of Q5 to allow the anode side of D2 to return 
to its initial level. The presence of Cy, therefore, delays the return to the 
initial state and allows time for capacitor C to discharge completely before 
the gate generator is able to respond to the next sync pulse. Since the time 
required to allow C to discharge depends on its capacitance, the hold-off 
capacitor C'y is switched when C is switched to change sweep speed. 

It is possible to operate the time base in a free-running fashion by render- 
ing inoperative the clamping action of the diode D2. In this case, at the 
termination of one sweep and without the need for a triggering signal, the base 
of Q1 will eventually rise to the point where a second sweep is initiated. Ordi- 
narily, however, driven operation is employed. In this case, in the absence 
of a triggering signal, the sweep-stability control is adjusted just slightly 
below the voltage V1, where free-running operation is restrained. Thereafter, 
as explained above, a triggering signal initiates the formation of the time base. 

The technique just described not only establishes a fixed sweep amplitude 
but also ensures that the excessively large supply voltage used to minimize 
sweep-speed error [Eq. (14-6)] never appears across the transistor, where it 
could cause breakdown. Some care must be exercised in using this circuit 
with vacuum tubes, for in that case, the voltage limitations of the switch tube 
and sweep capacitor may well be exceeded before the comparator tube or 
tubes warm up. 

The remainder of this chapter is concerned with the generation of time 
bases possessing a high degree of linearity. The technique just described for 
obtaining a fixed-amplitude sweep is applicable to all of these if the time base 
under consideration is substituted for the simple sweep generator of Fig. 14-12. 


14-7 A TRANSISTOR CONSTANT—CURRENT SWEEP 


Except for very small values of collector-to-base voltage, the collector current 
of a transistor in the common-base configuration is very nearly constant when the 
emitter current is held fixed (Fig. 6-12). We may use this characteristic to 
generate a quite linear sweep by causing a constant current to flow into a 
capacitor. In the circuit of Fig. 14-13a, if Ves is the emitter-to-base voltage, 
the emitter current is 


Ip = V8 z Vee (14-17) 
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(@) () 7 


Fig. 14-13 (a) The constant collector current of a CB transistor is used to charge 
a capacitor linearly; (b) the small-signal model from which to calculate the slope 
error (vu; = Vax — Vy = Vi). 


Assuming, for the moment, that Vzs remains constant with time after the 
switch S is opened, then the collector current will be a constant whose nominal 
value is I¢ = hpply ~ —al,x, and the capacitor will charge linearly with time. 
To inquire into the sources of nonlinearity we shall replace the transistor 
by an equivalent circuit using CB hybrid parameters (Sec. 1-3). This model 
is valid only for changes from the quiescent values. Hence, let us define the 
initial condition as one where the transistor is just brought to the point of 
conduction by an emitter threshold bias of V, (Sec. 6-17) and a collector 
voltage Vec. The equivalent circuit from which to determine the sweep 
voltage v, is indicated in Fig. 14-13b, where the effective input signal v,; (the 
change from the quiescent value) is v; = Vez ~ V, = V;. Since only varia- 
tions from the initial condition are under consideration, then the supply Vee 
is replaced by its internal impedance (assumed to be negligible). 
Kirchhoff’s voltage law applied to the input mesh and KCL applied to the 
output node of Fig. 14-13b yield, respectively, 
0: = 1(Re + he) + hav, = Vi (14-18) 
te = tehzn + Rot, = — Gee (14-19) 


Subject to the initial condition that v, = 0 at ¢ = 0, the solution to these equa- 
tions is 


= Ve gy ee 4-2 
Y= GR, + ha) ot ead) 
where a= —hyp, V; = Ver = Vi, and 
1 1 chy e 
14 (is + pt a) (14-21) 


Expanding the exponential into a power series in é/r and retaining only the 
first term, 


aV,t 


= CSI) (14-22) 


Ue 
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This result is consistent with Fig. 14-130, which gives an emitter current 
of i. = V:/(R. + ha) at ¢ = 0+ and a short-circuit collector current a times 
as large. If the capacitor current were to remain constant at this value, then 
v, = att/C, in agreement with Eq. (14-22). 

The sweep amplitude V, is obtained from Eq. (14-22) witht = T,. The 

slope error, given by Eq. (14-9), is 

em Tem tlw + AS (Rs + ha) | (14-23) 
where use was made of Eqs. (14-21) and (14-22). The generator h,,v,, repre- 
senting the reaction of the collector voltage on the input circuit, causes the 
emitter current to change as the sweep forms. The first term in Eq. (14-23) 
results from this change in emitter current. The fact that the collector 
current is not precisely constant (even for constant emitter current) because 
of the shunting effect of ha, gives rise to a slope error whose value is given by the 
second term in Eq. (14-23). 

This circuit cannot be loaded appreciably without seriously deteriorating 
the linearity. Ifa load Rz is placed across C, then this resistance appears in 
parallel with 1/h in Fig. 14-13b. Hence, in Eq. (14-23), ho must be replaced 
by he +1/Ri. Since 1/hy ~ 2 M, then even if Rr = 2 M (an unreasonably 
large value) the second term in Eq. (14-23) is doubled. It is therefore clear 
that the sweep voltage must be applied to the load by means of an emitter 
follower and that the input impedance of the follower must be taken into 
account since it shunts C. 

A source of concern in the circuit of Fig. 14-13, as in transistor circuits 
generally, is the temperature dependence of the device parameters. This 
variation does not cause sweep nonlinearity, but does make the sweep rate a 
function of temperature. In Sec. 6-2 it is pointed out that the emitter-junction 
voltage Vzs, for a fixed current, decreases about 2 mV/°C. Hence, from 
Eq. (14-17), the sweep speed |Ic|/C = aIz/C increases with temperature. 

The circuit of Fig. 14-13 may be modified® as in Fig. 14-14 to employ a 
single supply Vyy and to achieve considerable temperature compensation. 
The emitter supply voltage Ver of Fig. 14-13a is now equal to the voltage Vz 
across the Zener diode Dz plus the drop Vp across D. The collector supply 
voltage Vcc is now equal to the drop across R, so that Veo = Vyy — Var. 
The diode D is of the same material as the transistor (both silicon or both 
germanium). Hence, D serves to compensate for the temperature-dependent 


Fig. 14-14 A constant-current sweep circuit 
involving temperature compensation and 
using a single supply Vry. 
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emitter-to-base voltage Vez. If the drops across D and across the emitter 
junction are always the same, then the voltage across R. remains equal to Vz. 
The emitter current is then Vz/R., which is constant provided that a tempera- 
ture-compensated avalanche diode (Sec. 6-4) is employed. Under these 
circumstances the sweep speed is essentially independent of temperature. 


EXAMPLE The circuit of Fig. 14-14 has the following parameter values: R, = 

1K, R =68K,C = 0.05 uF, Vyy = 24V, and Vz = 8.0V. The transistor CBA 
parameters are a = 0.98, h» = 200, hw» = 3 X 1074, and ha = 0.5 pmho. The. 
temperature coefficient of the avalanche diode is 0.002 percent/°C. All the 

devices are silicon. 

Calculate (a) the sweep speed, (b) the maximum sweep voltage and the 
corresponding sweep duration, (c) the slope error at no load and with a 100-K 
load, (d) the percentage change in sweep speed over a 100°C variation in tempera- 
ture. (e) Repeat part d if a fixed supply voltage of 8.6 V were used for Vez. 


Solution a. The sweep speed is 


|To| - alg — aAVe (0.98) (8.0) = 1.57 X 105 V/sec 


b. The capacitor C charges at a constant rate only as long as the collector- 
to-base voltage is negative (for a p-n-p transistor): Hence the sweep must be 
terminated when the capacitor voltage approaches Vcc, where 


Veo = Vyy — Vez = 24 ~ 8.0 -06 = 15.4V 


and where the voltage drop across D is taken as 0.6 V. To allow additionally for 

the drop from collector to base to keep the transistor in the active region let us 
take V, = 14 V. Then 

_ VC 14 P 

*" WIel 1.57 X 108” 


ec = 89 usec 


c. Since the drop Vp across the diode is about 0.6 V and the cutin base-to- 
emitter voltage V, is about 0.5 V (Table 6-1), then 


Vs = Vee ~ Vy = Vz+V0—V, ~ 80+06 —-0.5=81V 
From Eq. (14-23) 


14.0 


0.5 X 107 
pee lig iow ge Ae 
e 31 [ x + 


1,020) | x 100 = 0.05 + 0.09 
Sos Mh | + 


= 0.14 percent 


This excellent linearity worsens if an appreciable load resistance Fz is placed across 
C. For example, if Rx = 100 K, we must replace ha» = 0.5 X 10-6 with ho + 
1/Ri = 0.5 X 10-§ + 10-5 = 10.5 X 10-8, so that the second term in e, is 
multiplied by 10.5/0.5 = 21. The slope error would then become 


es = 0.05 + (21)(0.09) = 1.9 percent 
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d. Assuming perfect temperature tracking of Vp and V,, then the slope error 
is due to the variation in Vz. Over 100°C this is 0.002 X 100 = 0.2 percent. 


e. If Vez = 8.6 V = constant, and since Ves changes by 200 mV = 0.2 V 
in 100°C (Eq. 6-7), then the emitter current [Eq. (14-17)], and hence also the 
sweep speed, changes by 


= X 100 = 2.5 percent 


We note that this is worse by a factor of 12.5 than the corresponding variation in 
part d, where D and Dz were used to simulate the supply Vze. 


eee pe ASAD HINO NRA 


14-8 A VACUUM-TUBE CONSTANT-—CURRENT SWEEP 


We note from Eqs. (1-44) that the resistance seen between the points P and N 
in a tube circuit with a cathode resistor R, is R= 7p, + («+1)Re. This 
resistance will be very large if «and A, are both large. If a constant voltage 
is placed in series with this very large resistance, the resultant cireuit will 
constitute a source of constant current. Such a constant-current source is 
used in Fig. 14-15 to charge the capacitor C linearly with time. With switch 8 
closed, the diode D conducts until the voltage across C, is established at the 
reference voltage Vr determined by Ri, R2, R,, and Vpp. We assume that 
Ver is much greater than the diode drop or the grid-to-cathode voltage Ve. 
Then Vx appears across R;, and the plate current is 


_ Ve _ Vee Ry - 
le = R, Rit Ry ees) 


where R; = R2||R, ~ Rif Ry > Rz. If Ve is not negligible compared with 
Vr, then J is determined by the graphical method outlined in Sec. 1-10. 
When S opens, and assuming R,C, >> T,, the voltage across C, remains 
constant at Vr. As C charges, the voltage from grid to ground increases 


Vep 


Fig. 14-15 A time-base generator in which a 
constant current is generated through the use 
of a vacuum tube operating with a large 
cathode resistance. 


Sec. 14-8 VOLTAGE TIME-BASE GENERATORS / 533 


above Vr and the diode becomes reverse-biased. Now the tube current I 
flows into C. Hence, C' charges at a sweep speed of I /C. 

The charging time constant is r = RC, and the slope error is, from Eq. 
(14-9), 


a Tr, 
tT (ro + w+ 1)R.JC 


es (14-25) 
If the finite grid-leak time constant is taken into account, then it is found 
that to the above expression for e, we must add the term T,/R,C, (Prob. 14-18). 
At a time T, the switch S closes, D conducts, and the charge lost by C, is 
replaced through D. 

The sweep amplitude is 


_ IT, Vel, 
Vin aie ee (14-26) 
If » > 1 and if «Ry, > ry, then, from Eqs. (14-25) and (14-26), 
Bost ee Ms (14-27) 


1 ERC Vr 


Comparing this result with Eq. (14-6) we see that the circuit behaves as if 
the capacitor were being charged from a supply whose value is nV z through 
a resistance uR;, so that the charging current is hVr/pR, = Vr/ Ri, as indi- 
cated in Eq. (14-24). 

One difficulty with the circuit is the possibility of breakdown between 
the cathode and the grounded heater if Vz is too large. A second disadvantage 
is that there may be power-line hum across R, due to heater-to-cathode 
leakage, and this hum will modulate the sweep current. A third difficulty 
is that a very long recovery time must be allowed if the sweep speed is not 
to depend on the sweep repetition rate. During the formation of the sweep, 
capacitor C, loses some charge through R,. When switch S closes, C, recharges 
through D with a time constant R’C,, where R’ is the parallel combination 
of Ri and R, in Fig. 14-15. Since, during recharging, the capacitor voltage is 
completing the last portion of its asymptotic approach to the limiting voltage 
Vr, a recharging time must be allowed which is very long in comparison with 
R’'C,. The recharging cycle may be hastened by returning diode D to a low- 
impedance supply. 


EXAMPLE Design the constant-current time-base generator of Fig. 14-15 to 
furnish a 100-V sweep in 100 usec. Find the sweep-speed error. 


Solution Assume that a 300-V supply is available for Vp. From Eq. (14-27) 
we see the advantage of choosing » and Vx as large as possible. We shall select 
a type 12AX7 tube, for which » = 100 andr, = 100 K. At the end of the sweep 
the voltage across the tube is Vep — Vx — V,, and in order for the tube to behave 
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linearly let us not allow the tube voltage to fall below 50 V. Then the maximum 
value for Vr is 


Vr = 300 — 100 — 50 = 150 V 


To obtain this value of Vz from a 300-V supply requires that R, = R2, assuming 
that R, >> Ri. For the sake of shortening the recovery time it is advantageous to 
make R, and Rzsmall. But to limit the power dissipated in the divider we select 
R, = R, = 20 K. 

The value of R; is determined by the tube current. With 50 V across the 
tube, we see from the 12AX7 characteristics of Fig. D-8 that the tube is operating 
linearly at a plate current of 0.5 mA and a grid voltage of 0.5 V. Therefore, a 
reasonable choice for Ry is 


Since pR, = 3 X 107 >>1, = 105, we may use Eq. (14-27) instead of Eq. (14-25) 
for the slope error, 


V. 100 
oe ee eh 0087 
oo uVr 100 X 150 


or the sweep-speed error is 0.67 percent if we neglect T./R,C, compared with 
0.0067. Hence, let us choose R,C, so as to make T,/R,C, = 0.0001. Using 
R, = 1M we have 


10-4R, 10-4 x 108 


We may check the sweep-speed error directly from the tube characteristics rather 
than use the small-signal parameter u. At the end of the sweep we choose 
Ve = —0.5 V, so that J = 150.5/300 mA. At the beginning of the sweep », = 0 
and the effective supply voltage is 300 V. Drawing a load line corresponding 
to this voltage and to a 300-K resistance and using the graphical construction 
of Sec. 1-10, we find that Ve ~ —1.5 V. Hence J at the beginning of the sweep 
is I = 151.5/300 mA. Therefore the sweep-speed error is 


in excellent agreement with the value found above. In summary, we find, using 
a 12A-X7 and any low-current diode that can withstand a reverse voltage of 100 V, 
that R, = R, = 20K, R, = 1M, Ry = 300 K, C, = 1 uF, and C = 500 pF. 
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The plate current in a pentode, for fixed screen-to-cathode voltage, is 
largely independent of plate voltage except for quite low voltages. Therefore 
& capacitor charging from a supply voltage through a pentode will charge 
at approximately constant current. For example, in a 6AU6, if the supply 
voltage is 300 V, the grid bias —2 V, and the screen voltage 150 V, the initial 
charging current is 5.8 mA (Fig. D-1). When the capacitor voltage is 200 V, 
the tube voltage is 100 V, and the charging current is 5.7 mA. The percentage 
slope error is therefore 100 (5.8 — 5.7)/5.8 ~ 2 percent. Without the pentode 
the slope error would be 100 X 200/300 = 67 percent. An arrangement in 
which a capacitor appears in series with a pentode and in shunt with a switch 
tube is given in Prob. 14-20. 


14-9 MILLER AND BOOTSTRAP TIME-BASE 
GENERATORS—GENERAL CONSIDERATIONS 


We now consider circuits involving feedback for improving the linearity of 
time-base waveforms. The basic sweep circuit is shown in Fig. 14-16a, in 
which S opens to form the sweep. If, as in Fig. 14-16, an auxiliary variable 
generator v is introduced and if v is always kept equal to the voltage drop across 
C, the charging current will be kept constant at i = V/R and perfect linearity 
will have been achieved. Methods of simulating the fictitious generator v 
with an amplifier will now be given. 

It is common practice to build electronic circuits on a metallic chassis 
(Sec. 3-13) and to have one point in the circuit electrically connected to the 
chassis. The chassis is then referred to as ground, and customarily the 
voltage at any point in the circuit is given with respect to ground. Differ- 
ences in the point selected to be grounded yield different descriptions of the 
mechanism whereby the linearity is improved. Suppose that the point Z 
of Fig. 14-16b is grounded, as in Fig. 14-17a. A linear sweep will appear 
between Y and ground and will increase in the negative direction. Let us now 
replace the fictitious generator by an amplifier with output terminals YZ and 
input terminals XZ, as in Fig. 14-176. Since we have assumed that the 
magnitude of the generator voltage v equals the voltage vc across the capacitor 
at every instant of time, then the input »; to the amplifier is zero. In other 
words, point X behaves as a virtual ground, and in order to obtain a finite 


Fig. 14-16 In (a) the current varies eee ee 
exponentially with time, whereas in 

(b) it remains constant, provided v c oY c Ye 
that vis the instantaneous . | 4 a | alt 


voltage vc across C. Zz Y 
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+ u& = 


Amplifier 


{b) 
Fig. 14-17 (a) Figure 14-16b with point Z grounded; (b) the same circuit 
simulated with an operational (Miller) integrator with A ~ — ©. 


output, the amplifier gain A should ideally be infinite. Figure 14-176 should 
be recognized as the operational integrating amplifier of Sec. 1-8 and is cus- 
tomarily referred to as a Miller integrator or Miller sweep. 

Suppose that point Y of Fig. 14-160 is grounded. A linear sweep will 
appear between Z and ground and will increase in the positive direction. Let 
us now replace the fictitious generator by an amplifier with output terminals 
ZY and input terminals XY, as in Fig. 14-18. Since we have assumed that 
v = v¢, then », = v; and the amplifier voltage gain A must equal unity. The 
circuit of Fig. 14-18 is referred to as a bootstrap sweep, since the voltage V is 
lifted, as it were, by its own bootstraps. 


The Miller Sweep The circuit of Fig. 14-17) has been redrawn in Fig. 
14-19a. We have included a switch, at the closing of which the time-base 
waveform is to start, and also a resistor R,, which represents the input imped- 
ance of the amplifier. The base amplifier has been replaced, with respect to 
its output terminals, by its Thévenin’s equivalent. Here FR, is the output 
resistance and A is the open-circuit voltage gain of the base amplifier. In 
Fig. 14-19 we have replaced the input circuit, consisting of V, FR, and R,, by 
its Thévenin’s equivalent, in which 
_ VR V 
 R+R 1+ R/R: 


RR 


v “RR 


and R’ 


(14-28) 


The circuits of Fig. 14-19 are to be used only to calculate departures from an 
initial quiescent state. 


Fig. 14-18 The circuit of Fig. 14-16b 
with point Y grounded implemented 
with a noninverting unity-gain ampli- 
fier (a bootstrap circuit). 
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Fig. 14-19 (a) A Miller integrator showing starting switch, 
amplifier input resistance, and a Thévenin's circuit for the base 
amplifier; (b) the input circuit is replaced by a Thévenin's 
equivalent. 


Let us, for the moment, neglect R,. We consider that the capacitor 
voltage is zero and that the switch S is closed at t = 0. Since the capacitor 
voltage was zero at t = O—, it must be zero att =O+. The voltage across 
the capacitor at é = 0+ is»; — Av, = (1 — A)v; = 0. Hence 


0; = Avy = 0 = 


at ¢=0+. Thus, immediately after the closing of the switch the output 
is unchanged. 

Att = ©, when the capacitor is completely charged and no current flows 
through it, we may remove the capacitor for the purpose of finding the output 
voltage. Then we find at { = o that v; = V’ and therefore v, = AV’. 

The output waveform », is a simple exponential since the circuit involves 
just the single capacitor. Thus, altogether, we have the result that the output 
is exponential with total excursion AV’, starting at zero. The sweep is nega- 
tive-going since A is a negative number. 

We have already noted that for an exponential waveform the slope 
error is given exactly by e. = V,/V [Eq. (14-6)], where V, is the sweep ampli- 
tude and V is the total peak-to-peak excursion of the exponential. Therefore 
the time-base waveform », has the slope error, using Eq. (14-28), 


Ve _ VAL +R/R 
lal’ = V Jay Gee) 


e,(Miller) = 
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In summary we find that the deviation from linearity is (1/|A)Q + R/R:) 
times that of a resistance-capacitance circuit charging directly from a source V. 

Now let us take R, into account. The final value attained by v. remains, 
as before, AV’ = —|A|V’. The initial value, however, is slightly different. 
To find v, at { = 0+ we write KVL for the mesh in Fig. 14-196, including 
V’, R’, C, R,, and the generator Av,. Again assuming zero voltage across the 
capacitor we have 


V' ~ Ri — Ri — Av; = 0 (14-30) 


and 
v= V’ — R% (14-31) 
From Eqs. (14-30), (14-31), and (14-28) we find 
es ae Roe = AV, = — Ref ROV! _ : 
v(t = 0+) = AV; = v(t = 0+) = AV. = To A+ R/R (14-32) 
A eee eva ee (14-33) 


since very often Rp << R’ and |A|>>1. We thus find that, taking R, into 
account, the output continues as a simple exponential with the same asymp- 
totic limit but that it starts at v. = AV, rather than at zero. Thus the 
negative-going ramp is preceded by a positive jump. Because of this jump 
the total excursion of the exponential is slightly larger than before, and con- 
sequently the linearity is improved thereby. However, this jump is ordinarily 
too small in comparison with the excursion AV’ to be of any consequence with 
respect to linearity. 

We may calculate the sweep speed of the Miller circuit by recalling, as 
discussed in Sec. 1-8, that a virtual short circuit exists at the input terminals 
to the base amplifier. Then, in Fig. 14-19) the current « = V’/ R’ very nearly. 
This current continues through C, so that the sweep speed from Eq. (14-13) is 


Sweep speed = = ~ ain = GF (14-84) 


Thus the sweep speed is the same as in the case where the capacitor charges 
through R directly from the source V. 


The Bootstrap Sweep The bootstrap circuit has been redrawn in Fig. 
14-20. Again R; is the amplifier input resistance, A the open-circuzt gain of the 
amplifier, and R, its output impedance. Proceeding as in the case of the Miller 
circuit we find, if S opens at ¢t = 0, that at ¢ = 0+,» = —R.V/(R. + R). 
The output v, has this same value at t = 0—, and hence there is no jump in the 
output voltage att = 0. Att = © we find 


V(R,A —R,) Vv 


Rd —A)+R + R~ (1 —A)+ R/R (14-35) 


v(t = 0) = 
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Fig. 14-20 The bootstrap sweep showing starting switch, 
amplifier input resistance, and a Thévenin's equivalent of the 
base amplifier. 


The approximations in Eq. (14-35) are reasonable because the amplifier in 
Fig. 14-20 will be either an emitter follower or a cathode follower for which 
A=1, Rj >R,, and R>R,. Further, since R,< R, we may neglect 
vo at ¢ = 0+ in comparison with v, at t = ©. Then the sweep amplitude is 
given by Eq. (14-35), and the slope error is 


e.(bootstrap) = ie (1 -A+ z) (14-36) 


In summary, we find that the slope error is (1 — A + R/R,) times the slope 
error that would result if the capacitor charged directly from V through a 
resistor. It appears in comparing Eq. (14-36) with Eq. (14-29) that it is more 
important to keep R/R; small in the bootstrap circuit than in the Miller circuit. 
Thus, even if we assume A = 1, if R = R; the bootstrap will provide no 
improvement in linearity. Therefore the Miller integrator enjoys some advan- 
tage over the bootstrap circuit in that in the Miller circuit a high amplifier 
input impedance is less important. 

In Fig. 14-20, at t= 0+, » =0 and i=V/(R4+ R.) = V/R, since 
k>R.. This current flows into the capacitor C, so that the sweep speed at 
the input to the amplifier is 7/C, and at the output ; 

At AV 


Sweep speed = 6 ~ Re (14-37) 


We have neglected here the very small rate of change of voltage across R,. 
Since A =~ 1, the sweep speed is the same as would result if the capacitor C 
had been charged directly from V through R. The sweep speed does not 
depend on the input resistance R;. — 

When vacuum tubes are used in the amplifiers of the Miller and bootstrap 
circuits the input resistance R, is quite independent of the amplifier load and 
the output impedance is independent of the source impedance. In the Miller 
circuit, when transistors are used, the amplifier may well consist of a number 
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Vo 


(b) 
Fig. 14-21 (a) A Miller run-down sweep circuit; (b) the output 
waveform. 


of stages beginning and ending with an emitter follower. Hence, again, input 
and output are well isolated. A bootstrap amplifier normally involves just a 
single emitter follower, and, in this case, we shall have to take account of the 
effect of the loading on the input impedance. 


14-10 THE VACUUM-TUBE MILLER TIME-BASE GENERATOR® 


A simple tube sweep circuit is shown in Fig. 14-21a. The negative bias is 
chosen so that the tube is operating within its grid base. Observe that Vpp 
is used both to charge C and to supply tube current. When S opens, a nega- 
tive-going sweep (a so-called Miller run-down waveform) will appear at the 
plate. As indicated in Fig. 14-21), the sweep is preceded by a positive jump ” 
whose magnitude is given by Eq. (14-32). The jump may be eliminated by the 
addition of a resistor r = 1/g in series with the capacitor C, as we shall now 
demonstrate. 

If, when S opens at t = 0, there is a jump AV, at the input (grid), then 
the Thévenin’s open-circuit voltage at the output (plate) will be A AV;, where 
A is the voltage gain. The equivalent circuit at ¢ = 0+ is indicated in Fig. 
14-22. If the jump in voltage at the output is to be zero, then the current J 
in a short circuit from output to ground must also be zero [Eqs. (1-1)]. Hence, 


Input ,X Y, Output 


° Fig. 14-22 Relating to the elimination of the 
= initial jump in voltage in a Miller integrator 
(with either tubes or transistors). 
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| 0 t 
(a) : (b) 
Fig. 14-23 (a) A Miller run-up sweep circuit; (b) the output 
waveform. 
since C' acts as a short circuit at £ = 0+, 
_4V; , AAV, | 
[= r Eoa (14-38) 
or 
jae fe (14-39) 


This derivation is equally valid for a transistor stage, where the input node 
is the base and the output node is the collector. For a single-stage tube 
amplifier A = ~—g,,R,, and hence r = R./gnRo = 1/gm, a8 anticipated above. 

A circuit with a positive-going sweep (a so-called Miller run-up wave- 
form) and including the resistor r to eliminate the initial step is indicated in 
Fig. 14-23. Note that now two power supplies are required, one for the 
charging current and the other to supply the tube current. 


A Miller Sweep with Symmetrical Outputs In the circuit of Fig. 14-24 
triode V1 with its grid clamped to ground acts as the closed switch S of Fig. 
14-21. A negative gate applied to the grid cuts V1 off and allows C to charge 
from Vpp through R and the Miller tube V2. The output v., from the plate 
of V2 is a negative-going sweep. This voltage is applied to the grid of V3 
through the resistor R2, and an equal resistor Rz is used for feedback from plate 
to grid of V3. Hence, V3 acts as an operational phase inverter (Sec. 1-8), and 
the output 0,2 is a positive-going sweep. The symmetrical voltages vo, and 052 
may be used to drive CRT horizontal-deflecting plates. 

Note that the negative bias of Fig. 14-21 has been replaced by the voltage 
across the cathode resistor Ry. This resistor does not introduce degeneration 
because the current through it remains constant. Thus, as the current in V2 
increases, the symmetrical current in V3 decreases by the same amount, leaving 
the current in R; unchanged. The grid leak for V3 is Rs, and the blocking 
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Fig. 14-24 A symmetrical Miller sweep. The switch tube is V1, the Miller inte- 
grator is V2, and the operational inverter is V3. 


capacitor C’. keeps the high plate voltage of V2 and V3 from reaching the grid 
of V3. The time constant R.C. must be large enough to introduce negligible 
transmission error (Sec. 14-1). 

From Eq. (14-29) with R; = ~, the slope error is 


_ V, 100 
a PT [A| 


where V = Vpp — Vy, and Vy is the clamped plate voltage of V1. If we 
choose the swing V, at each plate to equal V/2, a push-pull sweep of ampli- 
tude V is obtained. It is not difficult to realize a voltage gain of |A| = 50 
(say with a 12AX7, for which » = 100), and Eq. (14-40) gives e, = 1 percent. 
Here, then, is a relatively simple circuit that gives a push-pull sweep which 
approaches the supply voltage in magnitude (for Vy <Vep) and has a 
sweep-speed error of only 1 percent. Note that the displacement error is 
only 0.125 percent [Eq. (14-4)]. 


percent (14-40) 


Recovery Considerations At the end of the sweep, C discharges and 
returns to its quiescent voltage. The discharge path is through the output 
impedance of the amplifier and through a switching tube such as V1 of Fig. 
14-24. If the switch resistance is R, K Rand sincer < R,, the discharge path 
is indicated in Fig. 14-25a. This circuit is in the form of Fig. 1-7 with Z’ con- 
sisting of C in series with R,. Applying the Miller theorem, the equivalent 
circuit from which to calculate the recovery time constant r, is given in Fig. 
14-25b. Hence 

R, 


tr = C(l — A) (2. + 3) = C[R, + (1 — A)R,] (14-41) 
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Input Output Input 
node node node 
C(1- A) 
R, : 
ie 
1-A 
(@) (o) 


Fig. 14-25 (a) The circuit through which the timing 
capacitor C' discharges at the end of the sweep; (b) 
the retrace time-constant network. (These equivalent 
circuits are equally valid for tube or transistor 
configurations.) - 


Note that, unfortunately, the switch resistance is effectively increased by 
the gain of the stage and hence that the retrace time may be quite long unless 
a high-current switching tube with extremely low plate resistance is used. If 
low recovery time is important, then C should also be kept as small as possible 
and & chosen sufficiently large to give the desired sweep speed. For practical 
reasons it is advisable not to permit R to exceed several megohms. Addi- 
tionally, the use of a cathode follower interposed between the capacitor C 
and the amplifier output will reduce the recovery time still further. The 
recovery may also be hastened by selecting the time constant RiC, (Fig. 14-24) 
to be comparable to the width of the gating signal, since under these circum- 


Gate 
generator 


Fig. 14-26 A Miller run-up sweep using a pentode for high 
gain and a cathode follower to reduce recovery time. The 
diode D clamps the pentode within its grid base in the quies- 
cent state and disconnects the gate generator from the 
pentode during the sweep. . 
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stances there will be a pronounced overshoot at the grid at the termination 
of the gate. 

A run-up Miller sweep using a cathode follower to speed recovery and 
using a pentode amplifier for higher gain is shown in Fig. 14-26. Note that 
the low output impedance of the cathode follower makes the resistor r in 
series with C (Fig. 14-23) unnecessary [Eq. (14-39)]. The switch 8 of Fig. 
14-23 is now simulated with a diode D connected to the gate generator, say 
a Schmitt circuit. In one state of the binary the output level is slightly 
negative, and the pentode is clamped within its grid base by D. When a 
trigger causes a transition, the output of the Schmitt goes negative enough 
to reverse-bias the diode. Hence D is disconnected from the circuit and 
the sweep begins. The switch resistance R,, of interest during the recovery 
period, is the diode forward resistance plus the output impedance of the gate 
circuit; R, may be as low as 1 or 2 K. A disconnect-diode switch could also 
have been used in place of V1 in the rundown Miller sweep of Fig. 14-24. 

The block diagram of a time-base system for a CRO using a Miller 
sweep is given in Fig. 14-11. In a commercial CRO, the box marked ‘Sweep 
generator” may well be the circuit of Fig. 14-26 and the “Hold-off circuit’ 
a tube version of Fig. 14-12. The sweep speed may be changed by adjusting R, 
C, or the supply Vee. 


14-11 THE TRANSISTOR MILLER TIME~BASE GENERATOR 


From the linearity considerations given in Sec. 14-9 it is essential that a high- 
input-impedance amplifier be used for the transistor Miller integrator circuit. 
Hence, the first stage Q1 of Fig. 14-27 is an emitter follower. The transistor 
Q2 supplies the voltage amplification. The output stage Q3 is chosen as an 
emitter follower for a number of reasons. First, because of its low output 
impedance R, it can drive a load such as the horizontal amplifier, the hold-off 
circuit of Fig. 14-11, ete. Second, because of its high input impedance it 
does not load the collector circuit of Q2 appreciably, and the gain provided 
by this stage can therefore be quite high (in the illustrative problem below it is 
~1,000). Finally, from Eq. (14-39) we see that if the gain |A| is large and 
R, is srhall enough, no resistance r need be added in series with C and yet the 
output will start with virtually no step before the sweep. The timing capaci- 
tor C is placed between the base of Q1 (the input of the three-stage amplifier) 
and the emitter of Q3 (the output of the amplifier). The sweep speed is 
changed from range to range by switching R and C and may be varied con- 
tinuously by varying Vass (using a voltage divider across a supply voltage). 
It is possible to employ an arrangement in which the switch appears 
between amplifier input and ground, as in Fig. 14-24 or 14-26. For gains as 
high as 1,000, Eq. (14-41) indicates that the retrace time may be prohibitive. 
Hence, in order to facilitate the rapid discharge of the capacitor the switch 
transistor Q4 and disconnect diode D are placed directly across C. This man- 


Schmitt 
gate 
generator 


Switch Timing Emitter Amplifier Emitter 
circuit follower follower 
Fig. 14-27 A transistorized Miller time-base generator. The parameter values 
in parentheses refer to the illustrative example on page 546. (Courtesy of 
Tektronix, Inc.—Type 321A CRO.) 


ner of locating the switch is not so easily realizable with vacuum tubes. Ina 
tube circuit there is always some small leakage of the filament heating power, 
either through capacitive or inductive coupling from the filament wiring 
directly to other parts of the circuit or through capacitive coupling or leakage 
from the heater to the tube cathode. Thus in tube circuits it is necessary 
to ensure that this leakage is always to a low-impedance point in the network. 
With transistors, not only is there no heating power, but also because of their 
small size, transistors may be floated off ground without introducing into the 
circuit undesirable capacitances to ground. 

In the quiescent condition @Q4 is held in conduction as a result of the state 
of the Schmitt gate. The emitter voltage of Q4 is negative because of the 
emitter current through R,, and therefore D is also conducting. The current 
through F is bypassed around the capacitor C and flows instead through D 
and @4. Hence C is prevented from charging. A triggering signal initiates 
the sweep by changing the state of the Schmitt-binary gate generator. The 
corresponding rise in voltage at the base of Q4 turns off this transistor. The 
" positive voltage across R, now causes D also to become reverse-biased. At 
this time the upper terminal of C is connected to the collector of Q4, which is 
in cutoff. The small reverse saturation current which must be supplied to the 
collector of @4 is easily furnished from the low output impedance of the 
emitter follower Q3. The junction of FR and C is connected to a reverse-biased 
diode. The leakage current through this diode must be supplied through R. 
Consequently D is selected to be a diode with extremely low leakage. If 
fast sweeps are to be generated, then D is also required to have a very small 
storage recovery time (Sec. 20-2). 
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At the end of the sweep, capacitor C discharges rapidly through Q4 
and D (Sec. 8-12). The sweep output might go to a hold-off circuit such as 
that shown in Fig. 14-12 in order to ensure a fixed time-base amplitude. 
Such a hold-off circuit would also allow adequate time for C to discharge 
completely between sweeps, so that the time-base calibration would be inde- 
pendent of the duty cycle. 


EXAMPLE The Miller integrator of Fig. 14-27 has the following parameters: 
R=1M, Ves = 45 V, R. = 18 M, R; = 100 K, Ra = 27 K, and Rs = 100 K. 
The transistor h parameters have the values given in Table 1-2. The output 
sweep amplitude is 25 V. The longest sweep is 5 sec and the shortest is 5 usec. 
(a) For 7, = 5 sec, find C. (6) Find the slope error e,. (c) Repeat (a) and (6) 
for T, = 5 usec. (d) Repeat (c) if R is changed to 20 K. 


Solution. a. The quiescent base-to-ground voltage of Q1 is (Vae)e1 + (Vaz)e2 
for both transistors in the active region. Since Q1 is an n-p-n transistor and Q2 
is a p-n-p type, then Vaz is of opposite sign for the two transistors and hence the 
base voltage of Q1 must be almost at ground potential. Hence, the capacitor 
charging current is 7] ~ Vaz/R and 


Gas ee ee EE Ne gat 
V. RV, (10*)(25) ‘ 


b. In order to find e, we must first calculate the voltage gain Ay and input 
impedance R; for each stage and then, from these quantities, we can evaluate 
Ay and R, for the three-stage amplifier. For the output emitter follower Q3 
we find, from Eqs. (1-6) to (1-8), 


Nge + 1 51 
An = = = 14.5 
"T+ AoZes 1+ 100/40 


Zis = hie + ArsZes = 1.1 + (14.5)(100) = 1,450 K = 1.45 M 
1— Avy = Ht we J 0.00078 or) Avs = 0.9992 © 1 
ideal agi 7 ala eos 


The load Z1. of Q2 is Rs = 27 K in parallel with Z;; = 1.45 M, or Zr. = 27 K 
to within 2 percent. From Eqs. (1-2) to (1-4) we find for the second stage 


Pe.) MY On —29.8 
l+hoZr2 1 + 27/40 


Zin = hie + hreArZr2 = 1.1 + (2.5 X 10-4)(—29.8)(27) = 0.90 K 


AnZr2 — (—29.8)(27) 
Ay: = = = —804 
ine A 0.90 


An = 


The effective emitter impedance of Q1 is R; = 100 K in parallel with Z;. = 
0.90 K, or Z,, = 0.90 K to within 1 percent. For the input emitter follower Q1 
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we find, from Eqs. (1-6) to (1-8), 


51 


An = ———— _ = 49.9 
"1+ 0.90/40 
Zin = 1.1 + (49.9)(0.90) = 46.0 K 
11 
1—Avn= 46.0 = 0.024 or Ay: = 0.976 


The voltage gain of the three stages in cascade is 
Ay = AviAviAva = (0.976)(—894)(1.00) = —871 


The input resistance R, of the amplifier is Z;, in parallel with R. = 18 M, or 
R; = Za = 46.0 K. 
Finally, then, from Eq. (14-29), 


= ve 1) +2) - (2 (+ qe = 0.0145 
Var |A| oe 46.0 


The sweep-speed error is 1.45 percent. 

It is interesting to note that if transistors with h,, = 100 instead of 50 were 
used, Ay and R; each would be approximately doubled and ¢, would be about 
one-quarter the value found above, giving a slope error of only 0.36 percent. 

If two emitter followers are used in cascade (this connection is discussed 
in Sec. 14-15), then an input impedance R; = 1 M may be obtained. With this 
configuration, since R = 1 M, 


25 
é = 3 2) (a3) (1 + 1) = 0.00128 


or only 0.13 percent. Even better linearity can be obtained if a vacuum tube or a 
field-effect transistor (FET, Sec. 17-19) is used for the input stage. Since the 
input impedance of the cathode follower or the FET is virtually infinite, then the 
term R/R,; = 0 and ¢, is half the above value, or 0.06 percent. 


c. For T, = 5 psec, then 


R ve (10°) (25) 


Since the slope error does not depend on the value of the capacitance, the slope 
error is again e, = 1.45 percent. 


d. The value C = 9 pF obtained in part c is impractically small since it is 
of the same order of magnitude as the collector-junction capacitance and stray 
wiring capacitance. A much larger value of C may be used if # is reduced. 
If R is changed from 1 M to 20 K (a factor of 50), then C is multiplied by this 
same factor, or C = (50)(9) = 450 pF. 
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This change in R also improves the linearity because R; will have been 
increased relative to R. Thus 


Ved R 25 1 20 
.= 1 = 1 = 0.0009 
is Vaz |A| ( bi 2) (2) (=) ( * a) 


or e, = 0.09 percent, a decided improvement over the value 1.45 percent obtained 
with R = 1M. 
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14-12 THE PENTODE MILLER SWEEP WITH SUPPRESSOR GATING 


If a pentode is used as the amplifier tube of a Miller sweep, then the gating 
voltage may be applied to-the suppressor grid instead of to the control grid. 
A suppressor-gated Miller integrator is indicated in Fig. 14-28. A tube with 
a sharp cutoff suppressor characteristic is used. These include the types 6AS6, 
5725, 5915, 6BE6, 6CS6, 5636, and 6BH6. The 6SA7 converter tube’ has 
also been used in this application. Initially the suppressor grid is biased to 
plate-current cutoff, and the control grid is clamped to the cathode. The 
cathode current flows to the screen, and therefore the screen voltage is low. 
The waveforms at all the electrodes are given in Fig. 14-29. A positive gate 
applied to the suppressor drives this electrode either slightly positive or to 
clamp. Clamping may occur either because the impedance of the driving 
source is large in comparison with the suppressor-cathode resistance or because 
a diode is added to the circuit from suppressor to ground. This increased 
suppressor voltage permits plate current to flow, and the plate voltage drops 

Since the voltage across the Miller capacitor C cannot change instantaneously,. 
the grid voltage must drop by the same amount V, that the plate falls. The 
grid voltage is now —Vi, the tube finds itself operating above cutoff, and a 
negative-going sweep forms at the plate. The load resistor R, is large, so that 
bottoming will take place (Sec. 7-5). The load line is drawn on the plate 
characteristics in Fig. 14-30. Since —V, is very close to the cutoff bias, we 
have assumed that the tube characteristic corresponding to the grid voltage 
—V, is coincident with the abscissa. For a type 6AS6 tube, the order of 
magnitude of V; is 5 V, and bottoming begins when the grid has increased by 


Ra Fig. 14-28 A suppressor-gated Miller 


time-base generator. 
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Suppressor 


Plate 


Fig. 14-29 The waveforms for a sup- 
pressor-gated Miller sweep 
generator. Grid 


only lor 2 V. For example, if Vpp = 300 and the amplifier gain is 150, then 
the grid will increase by 300/150 = 2 V for complete “run-down.” 

When the grid voltage drops from zero to —V;, the cathode current 
falls, the screen current drops, and hence the sereen voltage rises, as indicated 
in Fig. 14-29. During the formation of the sweep the grid rises slightly, as 
noted above, and the increased screen current results in a slight decrease in 
screen voltage. When the plate voltage bottoms, the grid voltage increases 
to zero with a time constant RC, the space current and hence the screen current 
increase, and the screen voltage drops, as indicated in Fig. 14-29. The 
screen voltage does not quite fall to its value for £ < 0 because some of the 
cathode current is now being collected by the plate, whereas for ¢ < 0 all the 
space current goes to the screen. 

At the end of the gate the suppressor again cuts off the plate current. 
The capacitor C whose voltage has fallen almost to zero recharges toward 
Vpp through R, and the grid-cathode resistance re with a time constant 
r= (R,+7%e)C ~ RC. The grid voltage will be driven positive by approxi- 
mately rcVpp/Rp. This positive grid voltage will increase the cathode 
current above its value for é <0, and hence there will be a dip in screen 


Fig. 14-30 Illustrating bottoming in 
a pentode and the fact that the grid 
voltage changes by only a few volts 
during the entire sweep voltage. 
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voltage below its value for <0. The overshoot in grid voltage and under- 
shoot in screen voltage are indicated in Fig. 14-29. 

At t= 0+, the voltage across R is Vpp + Vi, and since the current 
through # passes through C, the initial sweep speed is (Vpp + V1)/RC. As 
long as the amplifier gain remains high, the sweep speed remains essentially 
constant. Hence, a linear ramp results for almost the entire plate-voltage 
run-down except near the very bottom. 

If the gate width J, is less than the time T, for the capacitor to dis- 
charge completely, then there will be no bottoming, and the flat portions 
in Fig. 14-29 between 7’, and 7, are missing. The screen voltage is itself a 
gating voltage and, if the sweep is being used in connection with a scope 
display, can be used as an intensifier to brighten the CRT trace during the 
sweep time and to cut off the CRT beam during the retrace time. The 
recovery time may be made quite small by driving the capacitor C from a 
cathode follower, as in Fig. 14-26. Under these circumstances the recovery 
time constant is r = C(R. + re), where R, is the output impedance of the 
cathode follower and rg is the grid-cathode resistance. - 

The step in the plate voltage at t = 0+ cannot be eliminated by adding 
a resistor 7 in series with C in Fig. 14-28, as was done for the grid-gated Miller 
integrator. The use of the resistor r is effective because the amplifier of the 
grid-gated circuit is initially biased within its grid base. The suppressor- 
gated circuit, however, is held beyond cutoff in the quiescent condition. 
When the gate is applied, the tube must draw some plate current, and hence 
the plate voltage must drop somewhat. | 


14-13 PHANTASTRON CIRCUITS”: 


The screen waveform of Fig. 14-29 is a positive step for the interval ot the 
linear run-down. Hence, it is possible to start the sweep by means of a narrow 
pulse or trigger and to couple the output from the screen to the suppressor 
so that the positive gate needed at the latter grid is supplied internally. A 
circuit in which a Miller time base is initiated with a trigger and the circuit 
then supplies its own gate is called a phantastron.t+ 

The screen-coupled phantastron is drawn in Fig. 14-31. This circuit 
differs from the suppressor-gated Miller sweep (Fig. 14-28) only in that the 
screen and suppressor voltages are obtained from a divider arrangement 
R.-K.-R3. These resistors are so chosen that in the quiescent state the 
suppressor grid is sufficiently negative (say —V:3) so that no plate current 
flows, all the space current going to the screen. Assume now that a positive 
trigger is applied at ¢ = 0 to the suppressor, so as to allow the plate to draw 
current. The plate voltage drops, the grid voltage drops the same amount 


} The British considered the operation of this circuit as fantastic and dignified it with 
the name phaniastron. 
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Fig. 14-31 The screen-coupled phantastron. 
A trigger is applied at the suppressor. 


(say V), the cathode current falls, and the screen voltage rises. This causes 
the suppressor voltage to rise because it is obtained from the same voltage 
divider as the screen. The capacitor C2 is a speed-up capacitor (Sec. 10-5). 
The action described above is regenerative, the tube is rapidly driven from 
cutoff to its normally on condition, and the Miller sweep is initiated. 


Waveforms The waveforms generated are given in Fig. 14-32 and are 
identical with those in Fig. 14-29 except that the flat portions at the end of 
the run-down are missing. As soon as the tube bottoms and the plate can 
fall no further, the plate side of C in Fig. 14-31 remains at a fixed potential. 
Thereafter, the grid side of C rises with respect to ground (with a time con- 
stant RC) because current continues to flow from Vpp through & through C 
into the tube plate. As the grid rises, the cathode current increases, the 
screen current increases, and the screen voltage drops. Because of the action 
of the divider arrangement the suppressor voltage also falls and the plate 
current decreases. A reduction of plate current means an increase in plate 
voltage, which in turn causes the grid to rise still further. This action is 
regenerative, and the suppressor voltage is rapidly driven negative. The 
waveshapes for ¢ > T, in Fig. 14-32 are explained in exactly the same manner 
as the waveshapes for t > T, in Fig. 14-29. There is one difference between 
these two figures in the region under consideration. Since the suppressor 
voltage comes from the same divider as the screen voltage, there will be a tilt 
and an undershoot at the suppressor, as indicated in Fig. 14-32. 

Triggering may also be done with negative pulses applied to the plate 
and hence fed to the grid through the capacitor C. A negative trigger so 
applied reduces the cathode current and consequently raises the screen voltage. 
The rise of screen voltage is transmitted to the suppressor to bring the sup- 
pressor above the point of plate-current cutoff. The trigger size should be 
large enough to start the regenerative action but not so large as to cut off the 
tube current. If the tube should be driven below cutoff, the grid voltage will 
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Fig. 14-32 Waveforms in the screen- 
coupled phantastron. 


rise initially with a time constant RC into the conducting region, and there 
will be a delay between the application of the trigger and the start of the sweep. 

The phantastron circuit has a recovery time constant r= #,C. If a 
shorter retrace time is desired, then a cathode follower can be interposed 
between the plate of the amplifier and the capacitor C, as was done for the 
externally control-grid-gated Miller sweep of Fig. 14-26. Since the sweep 
voltage at the plate of the pentode starts near Vpp and since this voltage is 
applied directly to the grid of the cathode follower, a separate supply Vpp 
must be used for the cathode follower, with Vpp > Vep. The magnitude of 
the overshoots and undershoots is greatly increased (perhaps by a factor of 10) 
if a cathode follower is used. The reason for this feature is that the plate 
of the amplifier is no longer loaded down by the low grid-cathode resistance 
rq, which allowed the grid to overshoot to only reVepr/Rp. With a cathode 
follower in the circuit, when the plate rises at the end of the sweep it carries 
the grid of the cathode follower up with it, and hence the grid of the pentode 
can be driven several volts positive. 


Sweep Speed and Linearity The sweep speed is, as with the simple 
suppressor-gated Miller integrator, (Vpp + V1)/RC and hence can be adjusted 
by changing Vpp, R, or C. If the run-down proceeds to within V2 of ground 
(Fig. 14-32), then the amplitude of the sweep is Vpp — Vi — Vo. The sweep 
time 7, is the amplitude divided by the speed, so that 


T, Vepp — V1 — V2 
= 14-42 
Re Vert Va a 


Sec. 14-13 VOLTAGE TIME-BASE GENERATORS / 553 


If Vep >> Vit V2, then 7, = RC, a result which is independent of 
variations in Vpp. The next approximation is obtained by dividing the 
numerator in Kq. (14-42) by the denominator, with the result 


_~ 7. _, _ 2Vit Ve _ 2Vi+t Vo 
Pa ROO Ve Vee s aie 
Taking the derivative, we find 
dx _ 2V;, + Ve aV pp (14-44) 


x Vpp Vep 


For example, if Vv, = V2 = 5 V and Vpp = 150 V, then a 10 percent change 
in supply voltage (dV pp/Vpp = 0.1) gives 

dx 15 

= 7 159 % 91 = 0,01 
or a 1.0 percent change in sweep time. 

A diode (D2 in Fig. 14-33) may be used to clamp the suppressor to ground 
during the time when the time base is being formed. Hence the negative 
supply — V4. plays no part in determining conditions during the interval T,. 
The voltage — V4 is needed only to ensure plate-current cutoff before the circuit 
is triggered. Variations in the negative supply have negligible effect on the 
sweep time T,. 

Variations in the heater voltage should affect V, and V» to some extent. 
Experimentally it is found that a 10 percent change in heater voltage results 
in only a few tenths of a percent change in 7, and in a direction opposite to the 
change caused by a plate-supply variation. If tubes are changed, then T, 
may change by a few percent, because 2V, + Ve varies from tube to tube. 

From Eq. (14-29) 


Vv, 1 1 


= Tia) ~ [a] 


V Il (14-45) 


If the amplifier gain is 100, then e, ~ 1 percent. (Incidentally, if linearities 
under I percent are to be realized, then the capacitance C must be independent 
of voltage to this precision. A mica capacitor is usually satisfactory, whereas 
a paper capacitor may not be.) Here, then, is a circuit possessing many fine 
characteristics: excellent linearity of sweep and a time-base duration whose 
value is not very sensitive to positive, negative, or heater supply voltages 
and whose sweep speed is readily adjusted. With a trigger input a gate-type 
output is obtained at the screen, in addition to the linear output at the plate, 
and hence the circuit is analogous to the plate-coupled monostable multi 
discussed in Chap. 11. 


Circuit Variations One of the principal applications of the phantastron 
is that of a delay unit. If the output at the screen is differentiated (peaked), 
then a negative output pulse is obtained, delayed T, sec from the triggering pip. 
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Fig. 14-33 A screen-coupled phantastron used as a delay unit. 


The delay is adjusted by controlling the voltage Vr from which the run-down 
begins. A plate catching diode D1 is ideal for this purpose, and the complete 
circuit is shown in Fig. 14-33. The waveforms are given in Fig. 14-32, except 
that the plate voltage starts at Vz rather than Vpp. The overshoot at the 
grid is approximately Vppre/ R,, where rg is the static grid-cathode resistance 
and is independent of Vr and therefore T,. This characteristic is different 
from the corresponding one for the plate-coupled multivibrator, where the 
overshoot increases with delay. The delay 7, is a linear function of Ve except 
for small delays, where curvature due to bottoming becomes important. 
Incidentally, D1 also serves the useful purpose of reducing the recovery: time 
because it catches the plate which is rising toward V pp when it reaches Vr. 

Analogous to the cathode-coupled monostable multi a cathode-coupled 
monostable phantastron can be constructed (Prob. 14-382). The ecathode- 
coupled phantastron has the following advantages over the screen-coupled 
circuit: no negative supply is needed; the screen is a free (unloaded) electrode, 
from which a positive gate is obtained; and a negative gate is available at the 
cathode. The principal disadvantages are that there is a larger initial step 
in plate voltage and that the gain of the amplifier is smaller because of the 
cathode degeneratioh introduced by R,. This decreased gain means that the 
linearity is somewhat poorer. 

The phantastron has the advantage over the cathode-coupled multi that 
it is much less sensitive to tube characteristics and to supply-voltage variations 
than the latter. For example, if the Vpp supply changes by 10 percent in a 
multi circuit, we may expect the delay to change by perhaps 5 percent, which 
is five or 10 times what can be expected in the phantastron circuit. Also, the 
phantastron delay can be made more linear than that of the multi if sufficient 
gain is used. An astable phantastron circuit is suggested in Prob. 14-30. 

The phantastron circuit is limited to the generation of linear sweeps 
of duration of the order of 10 usec or longer because of the effect of the stray 
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capacitance to ground at the various tube electrodes. Williams and Moody’ 
describe circuits of the Miller type, called sanatrons or sanaphants, which are 
capable of giving precise delays as short as 1 usec. These circuits are essen- 
tially phantastrons in which a separate tube is used to generate the necessary 
gate from the input trigger. 


14-14 BOOTSTRAP TIME-BASE GENERATORS—BASIC PRINCIPLES 


The basic bootstrap configuration of Fig. 14-18 is repeated for convenience in 
Fig. 14-34a. Since the amplifier gain must be close to unity, a vacuum-tube 
amplifier may consist of a cathode follower and a semiconductor amplifier 
may consist of an emitter follower. The latter configuration is indicated in 
Fig. 14-34b, but the general considerations given below apply equally well 
to the tube circuit. 

The voltage V in Fig. 14-34a is equal in Fig. 14-346 to the sum of V’ and 
the small initial voltage V,; across R, when S is closed. The practical disad- 
vantage in Fig. 14-346 is that neither side of the supply V’ is grounded. This 
difficulty may be remedied by replacing V’ with a charged capacitor C1. 
This capacitor is charged through a resistor Ai, as indicated in Fig. 14-35. It 
is necessary that C, be large enough so that the voltage across it shall not 
change appreciably during the sweep time. If the voltage across C1 were 
precisely constant and if the emitter follower had precisely unity voltage 
amplification, then point P, in Fig. 14-35 would exactly follow point P,. 
Because of this bootstrapping, the voltage difference between P, and P; 
would be invariant and the current ig through R would be constant. If the 
input impedance of the emitter follower were infinite, then the constant 
current through 2 would pass into C and cause the voltage across C (and 
hence also v,) to increase linearly with time. 


(a): {8) 7 


Fig. 14-34 (a) The basic bootstrap circuit; (b) the amplifier in (a) is an emitter 
follower. 
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9 Voc 


Fig. 14-35 A practical form of a 
bootstrap sweep circuit. 


The presence of the resistor R; makes the circuit of Fig. 14-35 look 
different from the circuits in Fig. 14-34. However, C1 is to be so large that 
the voltage across it remains constant, and the supply-voltage node Veg is 
ground so far as signal is concerned. Therefore we may, when calculating 
changes from a quiescent operating point, move R, from its original position 
to a position directly in parallel with R,. The circuit of Fig. 14-35 will then 
have the form of Fig. 14-346. However, we must keep in mind, in calculating 
the voltage gain A of the emitter follower, that the emitter load Ri consists 
of the parallel combination of R, and Ry. 


Sweep Speed and Linearity The sweep speed is given by Eq. (14-37), 
in which 


V = Vee z ae (14-46) 


so that 


AVece 


Sweep speed = (R+ RDC 


(14-47) 


Alternatively, we may calculate the sweep speed in the following manner. 
With S closed, the steady-state current through R is iz = Vec/(Ri + R). 
When S opens, this current flows into C since initially the voltage across C 
is zero, so that the current flowing into the input resistance F#, is zero. Hence 
the sweep speed at the transistor input is ig/C and at the output Aiz/C, giving 
the same result as directly above. 

The ramp output will not be exactly linear because of the finite values of 
R; and C, and because the emitter-follower voltage gain A is not exactly unity. 
The dependence of sweep-speed error on R; and A is given in Eq. (14-36). 
The effeet of the finite value of Cy is considered in Prob. 14-36, where it is found 
that a term C/C, must be included in the parentheses. The expression for e, is 
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(with 2, replaced by a diode as in Fig. 14-36) 
Vz Cc 


_ R 
e = = 1-A+#+e) (14-48) 


or, using Eq. (14-46), 
_Yv, R\ (, _ RC 
a= yt (1 a zs) (1 Atze &) (14-49) 


The resistor 2; appears in Eq. (14-49) in three places, once explicitly 
in the factor (1 + R,/R) and twice implicitly in the gain A and in the input 
resistance R;. It appears in the gain A since, as already noted, R, is in shunt 
with R.. The resistance R; appears in R; since the input impedance of an 
emitter follower is approximately h;R,. While R, should be selected so that 
Ri « R, it is even more important that R; be selected large enough in com- 
parison with the emitter-follower output impedance so that it does not appreci- 
ably reduce the gain. Since the gain is very nearly unity, and is subtracted 
from unity in Eq. (14-49), a very small percentage decrease in A will cause 
a large percentage increase ine, Such a selection of R, will also serve to keep 
the input resistance high. It also follows from Eq. (14-49) that, if R; and Cy 
are not to have too deleterious an effect on e,, we must satisfy the inequalities 

R; > cy and Ci > a 

In calculating the input resistance we should, in principle, take into 
account that the emitter follower is loaded not only by R, and R, but also by 
R. The extent to which R loads the emitter follower is calculated as follows. 
The emitter (top) end of 7 is at a voltage A times as large as is the base end of 
R. From Fig. 1-7b, illustrating Miller’s theorem, the effective resistance 
seen looking into R from the emitter is not R but, exaggerated by the Miller 
effect, is 


(14-50) 


AR 


Since A is positive and slightly less than unity, then Ry is a (negative) resist- 
ance of large magnitude. Since Ry is paralleled with the appreciably smaller 
resistors R, and R., the effect of R will usually be quite negligible. 


Recovery Considerations At the termination of the sweep, C, must 
recharge through the emitter-follower output impedance in series with the 
parallel combination of R and R,. In a repetitive sweep, if the restoration 
time is not long enough to permit the capacitor C, to recharge fully, the sweep 
speed will be a function of the recovery time and hence of the repetition rate. 
The difficulties with respect to nonlinearity and restoration time caused by Ri 
may be minimized by replacing R, by a diode, as in Fig. 14-36. For the sake 
of variety this bootstrap circuit is shown using vacuum tubes instead of 
semiconductors. 
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Vop 


Fig. 14-36 A tube version of the circuit of Fig. 
14-35 with 2, replaced by a diode. 


Referring to Fig. 14-36 we see that initially (with S closed) the diode 
conducts and the charging current is I ~ Vpp/R, since the diode forward 
resistance #; = R, is much smaller than R. Hence in Eq. (14-49) the term 
R./R may be neglected. With S open, the cathode voltage rises and D is cut off. 
When this happens, 2, represents the diode reverse resistance and R, > R,, 
the cathode-follower output resistance. Hence, the maximum possible gain is 
obtained from the cathode follower. Since the cathode voltage of the diode 
must rise a few tenths of a volt before its resistance becomes very large com- 
pared with the output impedance of the cathode follower, then the beginning 
(~0.2 V) of the sweep may not be linear. This effect may be eliminated 
by adding a small resistance R’ in series with C. When the sweep starts, the 
charging current through R' produces a voltage drop which reverse-biases 
the diode. Of course, the sweep waveform is now trapezoidal (an initial 
step followed by the ramp). 

At the termination of the time base, S closes and discharges C through 
the switch resistance, whereas the charge lost by C’, during the sweep is replaced 
through the low resistance R,; of the conducting diode in series with the output 
impedance of the cathode follower. Thus the diode not only improves the 
linearity but also shortens the recovery time. For minimum retrace time, 
C should be kept as small as possible. For a given value of C the desired 
sweep speed is obtained by the proper choice of R. For a tube circuit, the 
maximum value of # is limited to a few megohms by practical considerations. 
For a transistor circuit, R is limited to a few tens of kilohms because of the 
restriction of Eq. (14-50). For example, if with the aid of a Darlington circuit 
(Sec. 14-15) an input impedance of 1 M is obtained and if A = 0.99, then 
R < 10 K to satisfy Eq. (14-50). 


14-15 THE TRANSISTOR BOOTSTRAP TIME-BASE GENERATOR 


We shall now consider in detail the bootstrap sweep generator® of Fig. 14-37, 
which is the semiconductor version of the circuit of Fig. 14-36 in which switch S 
has been replaced by transistor Q1. The input to Q1 is the gating waveform 
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from a monostable multi (although it could equally well be a repetitive wave- 
form, say a square wave). 


Quiescent Conditions Before the application of the gating waveform at 
t = 0, transistor Q1 is in saturation, as indicated in Fig. 14-37). The voltage 
across the capacitor C and at the base of Q2 is Vcr(sat). The quiescent output 
voltage at the emitter of Q@2 is lower than the base voltage by Vaxz2 and hence 
with respect to ground is at Vog(sat) — Vere, a8 indicated in Fig. 14-37d. 
If we neglect this small voltage (a few tenths of a volt negative) as well as the 
small diode drop, then the voltage across C': and also across Ris Vcc. Hence 
the current iz is Vec/R. Since the quiescent output voltage is close to zero, 
then the emitter current for Q2 fort < 0 is Vex/R, and the base current of Q2 
is ipo ~ Ver/RArex. Since ig2 is usually small in comparison with 7c, 


Bee es (14-52) 
R 
In order that Q1 should indeed be in saturation for ¢ < 0 it is necessary 


that its base current (~ Voc/R.) be at least equal to tc¢i/Arz, so that 


Vee — Vee 


or R, < hreR (14-53) 


“Ry ~ hreR 


Var (sat)=0 


Fig. 14-37 (a) The bootstrap circuit of Fig. 14-35 with resistor Ri replaced by D-.and 
switch S by Q1; (b) the base voltage of Q1; (c) the collector current of Q1; (d) the 
output-voltage waveform. Parameter valves in parentheses refer to the illustrative 
problem on page 563. 
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Formation of Sweep With the application of the gating waveform at 
t = 0, Ql isdriven orr. The current ic; now flows into C, and, assuming unity 
gain in the emitter follower, the output increases linearly with time in accord- 
ance with 


~ Veet 
te ~ RC 


When the sweep starts, the diode is reverse-biased, as already explained 
above, and the current through F& is supplied by the capacitor C1, which is 
charged to Vcc. Equation (14-54) is valid only if the gate duration T, is 
small enough so that the calculated value of », does not exceed Vcc. From 
Fig. 14-37 it is seen that as v, approaches Vcc, the collector-to-emitter voltage 
of Q2 approaches zero, and it enters the saturation region, where it no longer 
acts as an emitter follower. Then, as drawn in Fig. 14-37d, v. (and also v¢) 
remain constant at Veo. The current Vec/R through Ci and & now flows 
from base to emitter of Q2. If the output v, reaches the voltage Vcc in a time 
T, < T,, then, from Eq. (14-54), 


T, = RC (14-55) 


(14-54) 


whereas if the sweep amplitude V, is less than Vcc, then the maximum ramp 
voltage is given by 


-_ Vecl!', 
Ves RC 


(14-56) 


Retrace Interval At the termination of the gate, the current Vec/Hs flows 
into the base of Q1. Until the collector of Q1 drops nominally to zero, at 
which point the transistor will be in saturation, the collector current of Q1 
remains reasonably constant at the value ic: = hrzVcc/Rs, as indicated in 
Fig. 14-37c. (Compare with the collector-current waveform in Fig. 8-27d.) 
Neglecting igo, part of this current is supplied through R, and the remainder 
a4 is supplied by C. While this capacitor is discharging, the current 7z through 
R remains at Vec/R. Such is the case because, as the voltage across (' falls, 
so does the voltage », (since Q2 functions as an emitter follower), and the 
voltage across R remains fixed at the value Vcc across C1 (neglecting the small 
voltage change across C, during the sweep). Hence 


ta © ter — te = hese am Vee (14-57) 


Since this current which discharges C is constant, then C falls linearly with 
time. By emitter-follower action the output v, also returns to its initial 
value in a linear manner, as shown in Fig. 14-37d. If the retrace time is T,, 
then 147T,/C = V,, or, using Eq. (14-57), 


CV./Vec 


Ps = Gine/By) — G/B) 


(14-58) 


Sec. 14-15 VOLTAGE TIME-BASE GENERATORS / 561 


After C is discharged, the collector current is now supplied completely through 
R and becomes established at the value Vec/R. 


The Recovery Process During the course of the time T = T, + T, 
(Fig. 14-37d) the capacitor C, has been discharging at a constant rate because 
the current Vcc/R has passed through C, during this entire interval. There- 
fore the circuit will not have recovered completely to its initial state until C1 
has regained the charge it lost. At the time 7, when the voltage across C 
and at the base of Q2 returns to its value for ¢ < 0, the voltage across C; is 
smaller than it was initially at the beginning of the sweep. The diode D starts 
conducting at t = T (actually, slightly sooner), and the terminal of C, which 
is connected to D returns to its initial voltage (~ Vec). Therefore, the other 
terminal of C1, which is connected to the emitter of Q2, is at a more positive 
potential than initially and Q2 is cut off. The capacitor consequently must 
now charge through the resistor R., which for the sake of good linearity (high 
input impedance) must be kept large. It is for this reason that R, is returned 
to the source — Vgz, as we shall now demonstrate. 

We may calculate the minimum recovery time 7, for Ci as follows. 
Since the discharge current of Ci is Vcc/R for the total duration T, then the 
lost charge is VecT/R. The charging current is Vez/R,, and hence the 
recovered charge is VerT:/R.. Equating charge lost to charge gained we find 


T, = 1c ep (14-59) 


We note that 7’, is independent of C, and varies inversely with V zz. 

If the sweep is operated recurrently and if the recovery interval allowed 
is not adequate, a voltage deficiency will develop across C1, with two undesir- 
able results. First, the sweep slope will change and be smaller than it was 
when a full recovery was allowed. Second, since transistor Q2 is orr until 
recovery is complete, the appearance of a sweep voltage at the output v, will 
be delayed. For, when transistor Q1 is cut off and C begins to charge, a signal 
v, will not appear until the voltage at the base of Q2 has risen to the point 
where Q2 again begins to conduct. 

The delay in the onset of conduction of @2 may be prevented, as already 
noted, by including a small resistor in series with C. In this way, when the 
switching transistor Q1 opens, there will appear at the base of Q2 an initial 
jump which will turn this transistor on immediately. The output sweep » 
will similarly also be preceded by an initial jump. This method does not, 
however, affect the change in sweep speed which results from incomplete 
recovery. Accordingly, if the economy of the situation allows it, there is 
much to be gained from using an additional transistor, as in Fig. 14-38, to 
assist in the rapid recharging of C,. In this circuit, transistor Q3 and Q1 
are driven orF simultaneously. by an input gating -waveform so that the sweep 
voltage may be generated. When, at the end of the sweep, Qi turns ow to 
discharge C, so also does Q3, and C; may recharge through Q3. Observe, in 
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Fig. 14-38 A transistor Q3 is used in the bootstrap time-base 
circuit of Fig. 14-37 to allow rapid recharge of C;. 


this circuit, that the emitter resistor R, of Fig. 14-37 has been eliminated 
entirely. The transistor Q2 does not need an emitter resistor to operate 
properly, since, as has already been described, a transistor current Vce/R 
will flow through C; into R. The emitter resistor in Fig. 14-37 served prin- 
cipally to allow rapid recharging of C;. But since Q3 is now available for this 
purpose, R, may be dispensed with entirely. : 


The Emitter Follower From Eq. (1-8) we see that 1 — A for an emitter 
follower varies inversely as the input resistance R;. Because the slope error 
[Eq. (14-49)] contains the term 1 — A + R/R,, it is clear that for best linearity 
R,; must be as large as possible. A large input impedance requires a large 
emitter resistance {[Eq. (1-7)]. An arrangement which, in effect, permits an 
emitter follower to operate into a much larger emitter resistance than could be 
conveniently directly employed is shown in Fig. 14-39. Here the input 
impedance R,, of the emitter follower Q4 is used as the emitter load Rez of 
the emitter follower Q2. These two transistors jointly are called a composite- 
or compound-transistor or Darlington configuration. Since R.2 = Ris ~ hy Re 
is large, then the input impedance Rj. to the composite-transistor configuration 
may be very high (~1 M). (Incidentally, the largest possible value of input 
impedance is obtained for infinite R., or an open-circuited emitter. The 
impedance from base to ground is then the impedance from base to collector, 
because the collector is grounded. But the impedance from base to collector 
with the emitter open is by definition 1/h.. ~ 2 M, which therefore is the 
maximum #; attainable.) 

When the composite-transistor configuration is used in the bootstrap 
sweep, the output at the emitter of Q2 provides the feedback, as indicated in 
Fig. 14-39, and », is the sweep signal. Taking the output from the emitter of 
Q2 would shunt the high impedance seen looking into Q4 by the input imped- 
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Fig. 14-39 A bootstrap circuit using a com- 
posite-transistor emitter follower 
(Darlington circuit). 


ance of the sweep amplifier and undo the advantage of the high impedance Rjs. 
When the ultimate in performance is not required from the Darlington con- 
figuration, the output v, may be used to supply the feedback voltage. How- 
ever, there are two reasons why it is not advantageous to do so. First, 
the gain of the composite amplifier is smaller than the gain of either stage, 
since the gain of each stage is less than unity. Second, when no feedback 
signal is taken from Q2, the emitter current of Q2 can be no larger than the 
small base current of Q4. This restriction on the current of Q2 will adversely 
affect its properties as an emitter follower because h;. decreases and h;. increases 
with decreasing emitter current. Since such variations decrease the gain and 
R,, it is clearly advantageous to increase the emitter current of Q2 above the 
small base current of Q4. The use of Q2 to provide the feedback signal 
serves to allow this extra current because, as noted above, at the moment 
the sweep begins, the feedback source is called upon to furnish the current 
Vec/R which flows through R. 

When the composite-transistor emitter follower is used, the feedback 
signal is taken from Q2 in Fig. 14-39 from a high-impedance point. It is 
reasonable to ask whether this feedback connection itself does not constitute 
a heavy load. The effective resistive load on Q2 is Ru, given by Eq. (14-51), 
and is seen to be a very large (negative) resistance because the gain is very 
close to unity. Hence, the loading of & is usually negligible. 

The Darlington connection aggravates the recovery problem. Capacitor 
C, must recharge through the base current of Q4. In order to obtain reason- 
able recovery times the additional transistor Q3 of Fig. 14-38 should be used. 


a eerie ers neers 
EXAMPLE The circuit of Fig. 14-37 has the following parameters: Vcc = 20 V, 
Vez = 10 V, R, = 10 K, R = 5K, and T, = 700 usec. The transistor A param- 
eters are those given in Table 1-2. *A 20-V sweep in 500 ysec is desired. (a) 
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Find a reasonable value for Rs. (6) Calculate C. (c) Calculate e¢,, assuming 
C, arbitrarily large. (d) Choose C, so that e, is increased by no more than 
10 percent over its value in part c. (e) Calculate the retrace time T, for C' to 
discharge completely at the end of the gating waveform. (f) Calculate the 
recovery time 7 for C; to recharge completely. (g) What would be the slope 
error if the single-stage emitter follower were replaced by the Darlington com- 
posite configuration? 


Solution a. From Eq. (14-53), and assuming hrz = hye, 
Ry < hrzR = (50)(5) = 250 K 
Hence, a reasonable value for Ry is 100 K. 


b. Since T, = 500 < T, = 700 psec, then Eq. (14-55) is valid, and 


c. To find e, we must first calculate R; and A = Ay. From Eqs. (1-6) 
to (1-8) we have 


1—Ay = 22 =— =0.0027 or Ay = 0.9973 


which we may neglect since it is in parallel with R, = 10 K. From Eq. (14-49), 
with the diode resistance Ri = 0, V, = Vcc, and assuming C, arbitrarily large, 


@=1l-A +5 = 0.0027 + a3 = 0.0149 or 1.5 percent 


d. If e, increases by no more than 10 percent, then, from Eq. (14-49), 


c 0.1 
Legos oo C>— =67uF 
G7 ‘ += 9.0015 


We choose C; = 100 pF, which is quite a large capacitance. 
e. From Eq. (14-58) 


Re FR 108 5X 108 
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The retrace time can be reduced by choosing a value of R, smaller than 100 K. 
However, if Ry is reduced too greatly, then the collector current t¢ = hreVce/Rs 
may increase to the point where the transistor dissipation becomes excessive. 


f. From Eq. (14-59) 


Vec R, T= 20 10 
Vez R 10 5 


We see that the recovery time 7’, is far greater than the retrace time T,. Without 
affecting the other quantities calculated above we can reduce 1; by increasing 
Vex. However, this modification will increase the quiescent current in Q2 and 
hence its dissipation. 


g. From part ¢ the effective emitter resistance of Q2 in Fig. 14-39 is Res = 
Ry, = 409 K. Hence, from Eqs. (1-6) to (1-8) 


51 
Ai ee As 
7 1+ 409/40 
Re = 1.1 + (4.55)(409) = 1,860 K = 1.86 M 


11 
1 — Ay; = —— = 0.00059 Ava = 0.99941 
2 7,870 vai - 


The effective load Ry at the emitter of Q2 is given by (14-51): 


5 
Ry = ——~ = -8 470K 
“ ~ =0.00059 ee 


which we may neglect since it is in parallel with 409 K. From Eq. (14-47) 


5 0.1 
1,860 * 100 


= 0.00059 + 0.0027 + 0.0010 = 0.0043 


é, = 0.00059 +- 


or e, = 0.43 percent, which is an improvement over the 1.5 percent obtained with 
a single emitter follower. 


mee Ses POA APES BEng 


ree 


A monostable bootstrap (requiring only a pulse input instead of a gate) 
is given in Prob, 14-45. An astable bootstrap time-base generator is obtained 
if a negative-resistance device such as the unijunction transistor is used as the 
switch across C’,, as in Prob. 14-44. 


Short-recovery-time Bootstrap Circuits For long sweep durations 
(seconds), C and hence C must be very large and C’, may be of an impractical 
size. Also, the recovery time may become prohibitively long. A method of 
avoiding the use of such a large C; and yet ensuring that the sweep speed 
be independent of the repetition rate is to replace C, by an avalanche diode, 
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Fig. 14-40 A bootstrap sweep circuit with 
short recovery time. 


as indicated in Fig. 14-40. Neglecting the base-to-emitter voltage and the 
base current of the transistor, the quiescent conditions with S closed are as 
follows: 


Wen, ee 
Vo = 0 R= 7 n= ay aaa (14-60) 
Sete nee ae Veo = s a a (14-61) 


When S opens and the output rises to V,, point P rises to Vz + V, and the 
current 7g remains at the above value, provided that Vz is independent of 
current. At the end of the sweep 


in = tig = Von fe _ Oe (14-62) 


Hence, the Zener current decreases as the sweep progresses. Perfect linearity 
requires that Vz be strictly constant over the range of currents from that 
given in Eq. (14-61) down to that in Eq. (14-62). If Vz changes by, say, | per- 
cent in this range, then this causes a 1 percent change in sweep speed. Also, 
if Vz drifts with temperature, then e, will drift by the same percentage. 

Even if the breakdown diode voltage is truly constant with current it is 
difficult to obtain very low values of e, for the following reason. The effective 
emitter resistance Ri, is R. in parallel with R;. However, R; cannot be too 
large because, if it were, 7z might fall below the knee of the characteristic (Fig. 
6-6a), where Vz varies with current. Since the effective emitter resistance Ri 
is low, then R; ~ hy-R, may not be large relative to R and e, will suffer [Eq. 
(14-49)}. A Darlington connection will not be too effective since the effective 
emitter resistance of the first stage will be R:. It should also be clear that Rh, 
cannot be replaced by a diode because, if it were, then in the quiescent state 
approximately the full supply voltage would appear across the avalanche diode. 
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Us A>l 
Az=1 
Fig. 14-41 If the amplifier gain in a boot- eet 
strap circuit is different from unity, the sweep 
voltage curves away from the ideal linear 


sweep. 


A small neon lamp (z's W) may be used?® in place of the avalanche diode. 
This lamp has a voltage drop of about 65 V and hence is used with the vacuum- 
tube version of the bootstrap circuit. The lamp voltage is essentially constant 
over the range from 300 to 30 uA. Very slow sweeps (of the order of 40 sec) 
have been obtained, with retrace times as short as 10 usec. The restoration 
time is now determined by how fast C can be discharged through the resistance 
of the switch. 

Instead of a follower circuit we could use a noninverting amplifier and 
adjust the gain to be exactly unity. The linearity would then be perfect. 
However, as the gain varied in the neighborhood of unity because of drift in 
parameters of the active device, temperature effects, line-supply variation, etc., 
the output would vary, as shown in Fig. 14-41. To minimize the drift in gain, 
we might use a two-stage negative-feedback amplifier. This circuit would 
have to be stabilized so that it would not oscillate. Also, the amplifier band- 
width would have to be large enough so as to pass the sweep undistorted. As 
we have mentioned before, this latter requirement is not an easy one to fulfill. 


14-16 A COMPENSATING NETWORK 3! 


Methods of linearity improvement exist which are used principally to supple- 
ment linearization by one of the feedback circuits discussed above. The 
circuit of Fig. 14-42 is the bootstrap configuration modified by splitting the 
sweep capacitor into two and connecting a resistor Re from the emitter- 
follower output to the junction of the two capacitors. We shall now explain 
qualitatively how this scheme serves to improve linearity, and we shall deduce 
an approximate value for Ro. 

Neglecting the small supplementary feedback current 7; (compared with 
tr), we find by referring to Eqs. (14-7) and (14-9) that the sweep capacitor 
voltage from base to ground is approximately 


a Veet = t -_ Vect =a Vect?e, ss 
vBN = (2 aT, «) = Re 2RCT, (14: 63) 


where C = C:C3/(C2+ Cs) and e, is given by Eq. (14-49). This voltage 
appears as the sum of a term linear in ¢ and a quadratic term in ¢ which is 
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9 Veo 


Fig. 14-42 A compensation method is used to 
improve the linearity of a bootstrap time 
base. 


negative in sign. We may, by proper adjustment of Re, cause the appearance 
across C’; of a voltage quadratic in t exactly equal to the second term in Eq. 
(14-63), with the exception that the sign is reversed. The two quadratic 
terms will then cancel, and the nonlinearity will thereby be greatly reduced. 
Neglecting the voltage from the base to the emitter, the voltage drop 

across fz is 
C2  Vect _ Veet 


Vep = VBP = G+ Gy BY ~Gl+G, RC ~ RC; (14-64) 


The voltage Av. developed across C2 as a result of the current t = vgp/Rz is 


Vect? 


5CRRCs (U6) 


1 ‘ 
Ave = gf ipdt = 


Equating the quadratic term in Eq. (14-63) with Eq. (14-65), we have 


T. 


= GF Ona, ae) 


R 


Using the parameter values in the illustrative example in the preceding 
section for the single emitter follower with e, = 0.016, 7, = 500 usec, and 
C2 = C3 = 2C = 0.2 pF, 


500 


Rs = ©0016) * = 


78K 


Because of the approximations made in this derivation and because the 
transistor or tube parameters vary over the swing of the sweep, the final value 
of Rz should be determined experimentally, starting with the resistance given 
by Eq. (14-66) as a nominal value. 

A diode may be placed across R2 (with the anode at point P, so that it is 
reverse-biased during the generation of the sweep), which, will allow rapid dis- 
charge of the capacitors when S closes at the end of the sweep period. 
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14-17 AN INDUCTOR CIRCUIT #2 


An inductor L may be used to improve the linearity of a simple RC sweep, 
as indicated in Fig. 14-43. The inductor also allows a sweep to be obtained 
whose amplitude is larger than the supply voltage because of the oscillatory 
nature of the circuit. The improvement in linearity results from the fact 
that there is no quadratic term in the power-series expansion of the capacitor 
voltage versus time, as we shall now prove. 

From Fig. 14-43, with S closed, v, = 0 and i = V/R. Assume S opens 
att=0. Then, since neither the capacitor voltage nor the inductor current 
can change instantaneously, it must be true that v, = 0 and i = V/R at 
t=0+. Since 


VaLesiRty, (14-67) 
then at ¢ = 0+, 
_.di,V di _ 
V=aLat pRt+0 or a 


Since ¢ = C dv,/di, then di/dt = 0 means d’v,/dt?? = 0 at t= 0+. If the 
second derivative of a function is zero at ¢ = 0, then its power-series expansion 
can contain no quadratic term. It is found that the first two terms in the 
expansion are 


Vt riod 

The inductor current is smaller at the end of the sweep period than 
at the beginning. The initial inductor current depends on the restoration 
period allowed between sweeps, and therefore the sweep speed will be a func- 
tion of the repetition rate of the sweep. The time constant associated with 
the restoration period is L/R, but, on the other hand, the percentage difference 
in the inductor current between beginning and end of the sweep is small. 
Therefore the restoration period need not be large in comparison with L/R 
to make the initial inductor current approximately independent of repetition 
rate. 


Fig, 14-43 A large inductance will improve the 
sweep linearity because an inductor serves to keep 
constant the current through it. 
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CURRENT TIME-BASE 
GENERATORS 


In Chap. 14 we considered methods and circuits by means of which 
we may generate a voltage that varies linearly with time. Such a 
voltage may, of course, be applied to a resistor, thereby generating a 
current that increases linearly with time. In this chapter we shall 
discuss methods of causing a linearly time-varying current to flow 
instead through an inductor. The inductor of interest is most fre- 
quently a coil used to produce a magnetic field which serves to cause 
deflection of the electron beam! in a cathode-ray tube. The coil or 
set of coils, called a yoke, is mounted exterhal to the tube near the gun 
structure and furnishes a magnetic field which is perpendicular to the 
direction of the electron beam. Such magnetic deflection finds its 
principal application in connection with radar and television dis- 
plays on large-screen tubes, where electrostatic deflection would require 
deflecting voltages which are inconveniently large. For these mag- 
netic-deflection applications, yoke currents are required which vary 
nominally linearly with time, and such currents yield deflections which 
vary fairly linearly with time. 


15-1 A SIMPLE CURRENT SWEEP 


If, at time ¢ = 0, a voltage V is applied to a coil of inductance L in 
which the current is initially zero, then the inductor current 7, will 
increase linearly with time according to 7, = (V/L)t. [This result 
has as its dual the statement that the voltage vc across a capacitor C 
charged from a constant-current source J will vary in accordance with 
% = (I/C)t.] A time-base circuit using this elemental principle is 
shown in Fig. 15-la. Here an inductor in series with a transistor, 
which is used as a switch, is bridged across the supply voltage. The 


371 
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(b) 


ip= Te" Rate -T,)/L 


(c) 


UcE 


Vag te et ew 
Ucg (sat) 


Fig. 15-1 (a) A current sweep circuit; (b) the gating waveform; (c) the 
inductor current waveform; (d) the waveform of the collector voltage. 


gating waveform at the base operates between two levels. The lower level 
keeps the transistor in cutoff while the upper level drives the transistor into 
saturation. When the transistor switch is turned on, ‘then, neglecting the 
effect of the small saturation resistance of the transistor, the current 7, increases 
linearly with time. During this sweep interval the diode D does not conduct, 
since it is reverse-biased. The sweep terminates at i = T,, when the gating 
signal drives the transistor to cutoff. The inductor current then continues to 
flow through the diode D and resistor R, until it decays to zero. This decay 
is exponential with a time constant r = L/Ra, where Ra is understood to 
represent the sum of the damping resistance and the diode forward resistance. 

The inductor-current waveform is shown in Fig. 15-lc, where it is indi- 
cated that the gate duration 7’, is such that the current attains a maximum 
value I,. Of interest also is the waveform of the voltage vce across the 
transistor. Before the transistor is turned on, and some time after it has been 
turned oFF, vcg = Vcc. While the transistor is on, the voltage vcz is quite 
low, being only some tens of millivolts for a germanium unit driven well into 
saturation. At the moment the transistor is turned oFF a spike of amplitude 
I,Rg appears across the inductor L. This peak voltage must be limited so 
that the transistor is below its collector-to-base breakdown voltage. Since 
I,, may well be determined by deflection requirements, there is clearly an 
upper limit to the size of Ra. The spike decays with the same time constant 
as does the inductor current. Note, however, that while the spike duration 
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depends on the inductance of L, the spike amplitude does not (for a fixed peak 
current, see also Sec. 8-10). 

We have not considered the fact that a physical yoke may well have 
associated with it a resistance Rz, which is too large to neglect. If Reg is 
the collector saturation resistance (Sec. 6-12) of the transistor, we find that the 
current increases in accordance with the equation 


= Vee gy tt Rent) ~ Veo _ 1 (Ri + Res)t 
= BOT Res eR ie Saris pak 5 7 


(15-1) 


This equation is entirely analogous to Eq. (14-5) for the voltage sweep. The 
current then departs from a linear increase with time just as does the voltage 
sweep, as shown in Fig. 14-5. We may use the same measures of nonlinearity 
as in Chap. 14. Thus, if the current increases to a maximum value J;, the 
slope error, in correspondence with Eq. (14-6), is 


ore In — (Ri + Res) I 
* Vee/(Rt + Res) Vec 


To maintain linearity the voltage (Rz + Rcs)I, across the total circuit resist- 
ance must be kept small in comparison with the supply voltage Vcc. This 
requirement corresponds, in connection with voltage ramps, to the necessity for 
keeping the capacitor voltage small in comparison with the resistor voltage. 

A method of linearity correction against the effect of the resistance 
Ri + Res which has been used effectively in the sweep generator of one radar 
display system? involves the use of a “linearity compensation coil.’ This 
coil, which is not used for beam deflection, is placed in series with the deflection 
yoke in the circuit of Fig. 15-1a. The compensation coil consists of a winding 
mounted on a magnetic core. The core is designed and the core air gap 
adjusted so that the coil saturates somewhat as the current increases. As a 
result of this saturation the inductance of the compensation coil decreases. 
A decrease in total inductance increases the rate of change of current and is 
therefore in a direction to compensate for the decrease in rate of change of 
current due to the resistor. In practice, best linearity is obtained experi- 
mentally by an adjustment of the air gap of the compensation coil. 


(15-2) 


15-2 LINEARITY CORRECTION THROUGH ADJUSTMENT 
OF DRIVING WAVEFORM 


The nonlinearity encountered in the circuit of Fig. 15-1 results from the fact 
that as the yoke current increases, so also does the current in the series resist- 
ance. Consequently the voltage across the yoke decreases and the rate of 
change of current decreases as well. We may compensate for the voltage 
developed across the resistor in the manner indicated in Fig. 15-2. The 
driving voltage source has a Thévenin’s resistance R,, and the total circuit 
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Us 


k(Ry+R,)t 


(a) (0) 


Fig. 15-2 The trapezoidal voltage waveform shown in 
(a) produces a linear current ramp in the circuit of (b). 


resistance is R, + Rr. If the current is to bez, = kt, then the voltage-source 
waveform must be 


v, = LG + (R, + Ru)i = Lk + (Ry + Radke (15-3) 


This applied waveform consists of a step followed by a ramp. Such a wave- 
form is called trapezozdal. 

We may find it more convenient to use a Norton’s representation for 
the driving source, as shown in Fig. 15-3. In this case the current source 
must furnish a current 


-_% _&k Ri 
w= = ftm(i+ "e) (15-4) 


The waveform of the current source is also trapezoidal, being a step followed 
by a ramp. 

At the end of the sweep the current will return to zero exponentially 
with a time constant r = L/(R. + Rx). Often we find that R, > Rx, so that 
+ = L/R,. If R, is small, the current will decay slowly and a correspondingly 
long period will elapse before another sweep will be possible. But, as a com- 
pensation, the peak voltage developed across the current source (which may 
well be a transistor) will be small. Alternatively, if R, is large, the current 
will decay rapidly but a large peak voltage will appear across the source. 


() 


Fig. 15-3 The trapezoidal current waveform in (a) produces a 
linear current ramp in the inductor of the circuit of (b). 
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Fig. 15-4 (a) A circuit for generating a trapezoidal volt- 
age waveform; (b) a more general circuit. 


Generally some happy medium will be sought and will often lead to the 
necessity of bridging a damping resistor Ra across the yoke, as in Fig. 15-1, 
to limit the peak voltage. Let R be the parallel combination of R, and Ra. 
Then the retrace time constant ist = L/R. 

The trapezoidal waveform required is generated by a voltage sweep 
circuit modified, as in Fig. 15-4a, by the addition of a resistor R, in series 
with the sweep capacitor (,. If the switch S is opened at ¢ = 0, the output 
v, is given by 


-p— kV. (RRC a 
». = V BR, +B (15-5) 
Since usually it turns out that R» >> R:1, we find on expanding the exponential 
in Eq. (15-5) that 


RV, Vt, ’ 
w= Re Tt BG, ( snc.) ee) 


As long as t/2R2C; <1 the waveform », is trapezoidal, consisting of a step 
of amplitude 2iV/R, on which is superimposed a ramp of slope V/R2Cj. 

A more general form of the trapezoidal waveform generator is shown 
in Fig. 15-46. Here a switch resistance r has been included, and the switch 
and capacitor C, have been returned to arbitrary voltages V’ and V”’, respec- 
tively. Equations (15-5) and (15-6) continue to apply, however, provided 
that V is taken to be the quiescent voltage across R: and that », is interpreted 
as the departure of the output voltage from its quiescent value. 

If the inductor were placed directly across the output terminals of Fig. 
15-4, the signal » would no longer be given by Eq. (15-5). Therefore the 
signal generated by the circuit of Fig. 15-4 is not to be applied directly to the 
yoke but rather through an active device—tube or transistor. If the input 
impedance of the device is R;, then a Thévenin’s equivalent can be made for 
Vi, R2, and R;. It is then found that Eq. (15-6) remains valid, except that the 
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second term in the parentheses is changed to 


t R, 
IRC ( - z) 
Hence, R; must be much larger than R, if the linearity of the trapezoid is not 
to suffer appreciably. 


15-3 A TRANSISTOR CURRENT TIME-BASE GENERATOR 


The current sweep circuit of Fig. 15-5 is illustrative of the principles set forth 
in the preceding section. Transistor Q1 is a switch which serves the function 
of S in Fig. 15-4. The switch is maintained in saturation as a result of the 
connection of its base to Vcc: through Rs. The sweep is formed when the 
input gating signal turns orr Q1 and a trapezoidal voltage waveform appears 
at the base of Q2. Transistors Q2 and Q3 are connected as a Darlington 
composite transistor in order that the input impedance at the base of Q2 be 
high enough not to load the trapezoidal-waveform source. Such loading 
would cause nonlinearity in the ramp part of the trapezoid. 

The emitter resistor R, introduces negative current feedback into the 
output stage and thereby improves the linearity with which the collector 
current responds to the base voltage (Sec. 1-9). For best linearity it is 
necessary to make this emitter resistor as large as possible consistent with 
the available supply voltage. 

Characteristically in a transistor, a plot of collector current against 
base-to-emitter voltage shows a marked nonlinearity at small collector currents. 
To avoid this region of operation it is advantageous to establish a quiescent 
current in the output transistor which is comparable to (say 25 percent of) 
the peak current to be driven through the yoke. It is for this reason that the 
resistor r has been included in the circuit. In the quiescent condition, the 
voltage across r will provide some forward bias for Q2 and hence for Q3. 

Transistors Q2 and Q3 will have different current ratings. Transistor 
Q3 has to be selected with a rating adequate to supplx the required yoke 
current. Transistor Q2 need only supply the base current of Q3, and this 
base current will equal the yoke current divided by the current gain hy. of 
transistor Q3. Even quite independently of the matter of the economy 
involved, it is advantageous to select for Q2 a transistor with a current rating 
at least an order of magnitude smaller than the current rating of Q3. Other- 
wise, the operating current of Q2 may be so small in comparison with its rated 
value that we shall encounter in Q2 the characteristic nonlinearity at low 
currents. 

The impedance FR; seen locking into the base of a transistor operating 
with an emitter resistor is R; ~ hy-R., provided that hyeRe >> hie and hoeR, K 1 
[Eqs. (1-50) and (1-56)]. In Fig. 15-5 we view the input resistance looking 
into the base of Q3 as the emitter resistance of Q2 and find that ‘the input 
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9 Voc, (120 V) ‘coz (20V) 


Fig. 15-5 A transistor current sweep circuit. Supply voltages and 
component values refer to the illustrative problem on page 578. 


resistance at the base of Q2 is ~ AyezhsesRe, where Ayes and hy,3 are the current 
gains, respectively, of Q2 and Q3. In a circuit where the supply voltage Vec2 
is only of the order of tens of volts and the yoke current ranges into amperes, 
R. would be limited to a value of only several ohms. In this case the input 
impedance at the base of Q2 may not be large enough to avoid loading the 
trapezoidal voltage generator, and a Darlington cascade of three transistors 
may be required. In such a case the current ratings of the transistors would 
progressively decrease from output transistor to input transistor of the Darling- 
ton cascade. 

The emitter resistor R, is selected so that the voltage developed across 
it will be comparable to the supply voltage Vecs. Since the voltage gain 
from the base of Q2 to the emitter of Q3 is of the order of unity, the voltage 
Yey2 will similarly be required to attain a maximum comparable to Vccs. 
Therefore, in order that the linearity of the ramp portion of the waveform 
Vane Shall not be adversely affected, it is necessary that Voc: be appreciably 
larger than Veco, The maximum voltage attained at the collector of Q1 
will ordinarily be limited to a safe value by the duration of the gate. Asa 
precaution we may bridge across the transistor a Zener diode which will break 
down before the collector voltage exceeds its safe value. 

The damping resistor Ra is limited by the allowable peak voltage which 
may be permitted to develop across the yoke current driver Q3. It may be 
necessary to make Ra so small that it carries, during the sweep interval, a 
current comparable to the yoke current. In such a case it may be advisable to 
introduce a diode in series with Ra so that Ry carries current only during the 
retrace. Alternatively Rz may be dispensed with entirely and the transistor 


578 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 15-3 


protected by bridging an avalanche diode across it. The Zener diode must 
be selected so that it is adequate to carry, at least for a short time, the peak 
yoke current. Suppose, then, that there is no damping resistor 2, or that no 
current flows through Rz during the sweep interval. Then if the output 
impedance R, (Fig. 15-3) of the driving transistor is high enough so that it 
takes negligible current in comparison with the yoke, the step in the input 
trapezoidal waveform is not needed. In this case the resistor R, may be 
omitted. 
Lanner enveTnanenOSTaS ena norr nr an Lu nOn Oren menemnneneciedndineamendameniaemeaimaaneemimemmnmmammnnnenl 
EXAMPLE In the current sweep of Fig. 15-5 consider that Vcc: = 120 V, 
Veer = 20 V, and R, = 1002, The yoke has LZ = 70 mH and KR, = 75 It 
is required that the yoke current change by 50 mA in a time 10% sec. Assume 
that germanium transistors are used throughout and let hs. = 50 for all transistors. 
Let the output transistor operate with a quiescent current of 20 mA. (a) Select 
the damping resistor to limit the peak collector voltage to 20 V higher than the 
quiescent collector. voltage, and calculate the damping time constant. (6) Cal- 
culate the waveform of the collector current of Q3 and the waveform of the voltage 
across R,. (c) Calculate the value to which the voltage vcx across the transistor 
Q3 drops just before the termination of the sweep. (d) Calculate the voltage 
ZAIN Ven3/Ysne = Avy of the Darlington circuit. (e) Calculate the waveform 
ven. (f) Select reasonable values for R. and r. (g) Calculate Ri and Ci. 
(h) Select reasonable values for Ry-and Cs. 


Solution a. We assume that the impedance seen looking into the collector of 
Q3 is large enough so that we may view this transistor as an ideal current source. 
At the end of the sweep period, the yoke current will be larger by 50 mA than it 
is at the beginning of the sweep. When, at the end of the sweep, the transistor 
returns to its initial current, the 50-mA current must continue flowing through 
R.. This extra current is superimposed on whatever current flows in Ra in the 
quiescent condition. If the extra voltage across Rz is to be limited to a maximum 
of 20 V, we must select Ry so that Ra = 20/0.05 = 400 2. This calculation is 
based on the assumption that the return of the current in Q3 to its initial value is 
abrupt. Actually, since C, must discharge through R; and r (as well as through 
Q1), the return will not be abrupt and the peak collector overshoot will be less 
than 20 V. 
The quiescent voltage across the transistor Q3 is 


400 X 4) 
475 
= 20-33 =16.7V (15-7) 


Ver(quiescent) = 20 — 20 x 10-* (100 + 


The maximum voltage across the transistor is 16.7 + 20 = 36.7 V. The tran- 
sistor Q3 will have to be selected with a breakdown voltage in excess of this 
figure. 

The damping time constant is 


Ses SD 
Rit Ra 475 


Ta 


= 0.15 msec (15-8) 
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b. We use Eq. (15-4), with R, = Ra, i, = Aic = 1, and k = 50 X 10-*/107* 
= 50 A/sec. We have 


50 75 
i= 2 x70 x 10-7 + 5041+ —~)A 
Sg ( +3) 
= 88+ 59.4 x 10% mA (15-9) 


This current 7, is superimposed on a quiescent current of 20 mA, or tc = t, + 
20 mA. 

To calculate vers we neglect the small difference between the collector and 
emitter currents. The approximation involved here is equivalent to neglecting 
unity in comparison with hy. We shall make this approximation consistently 
in what follows. The voltage trapezoid across R, (= 100 2 = 0.1 K) is 


Vens = 0.1%, = 0.88 + 5.94 X 10% V (15-10) 
This voltage is superimposed on a quiescent voltage of (20)(0.1) = 2 V. 
c. In the quiescent condition, the yoke current is 


400 
400 + 75 


Therefore at the end of the sweep the yoke current is 50 + 16.8 = 66.8 mA. At 
this time the collector-to-ground voltage is 


vows = Veco — (KL + Ritz) 
= 20 — 50 X 0.07 — 75 X 66.8 x 107? = 11.5 V (15-11) 


X 20 = 16.8 mA 


and the emitter voltage is, using Eq. (15-10) with t = 10-* sec, 
vens = 2.00 + 0.88 + 5.94 = 8.82 V 


leaving a voltage vce; = 11.5 — 8.82 = 2.68 V. 

The point of this calculation is to show that the voltage across the transistor 
drops to about the lowest possible value considering that Q3 must stay in the 
active region and that some margin of safety is, of course, desirable. If vers 
had turned out negative it would be necessary to modify the design by decreasing 
R, or increasing Vccz. In general, R. is made as large as possible so as to increase 
the current feedback and thereby improve the linearity of the driver stage. 


d. The voltage gain, base to emitter, of a transistor stage with an emitter 
resistor R, is, from Eqs. (1-8) and (1-12), 

Ay =1-— hie _ Pe Toor + Tore 

R; R; 

The impedance seen looking into the base of Q3 is Ris ~ hye, = 50 X 
0.1 = 5 K. The impedance seen looking into the base of Q2 is Rie + hyeRis = 
50 X 5 = 250 K. From Eqs. (1-10) and (1-11) we find that, with Iz in milli- 
amperes, 


(15-12) 


2GChye 


15-13 
Ts ( ) 


Tore = 
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Since transistor Q3 operates with a minimum emitter current of 20 mA, the maxi- 
mum value of ry. = (26)(50)/20 = 652. The base-spreading resistance may be 
of the order of about 100 2. On this basis we may conservatively estimate Ai. 
to be about 165 2. We now find for the voltage gain of Q3 
165 
Av; = 1 — —— = 0.967 15-14 
va 5,000 ( ) 
Transistor Q2, operating at a minimum emitter current of about 20/50 = 
0.4 mA, will have 


hie ~ 100 + eo = 3,350 O = 3.35 K 


This transistor, however, operates with an effective input resistance of Rj. = 250 K. 
Therefore 
3.35 


Avi = 1-2 = 0.9 
ve 350 87 


The overall voltage gain of the Darlington cascade Q2 and Q3 is 
Ayn = AvoAvs = (0.987)(0.967) = 0.954 


This value corresponds to minimum current (where ry. is a maximum). As the 
current increases, Ayp will increase slightly and hence introduce some nonlinearity 
into the sweep. Since Avp cannot exceed unity, then the change in voltage 
gain over the sweep is only a few percent. The discussion demonstrates that the 
current feedback through the emitter resistor R. improves the linearity of response 
of the driver stage. 


e. Since the voltage gain from the base of Q2 to the emitter of Q3 is Avo = 
0.954, we have, from Ea. (15-10), 


1 1 
Dont = —— dong = —— (0.88 + 5.94 X 10% 
A OL ee 

= 0.92 + 6.2 x 10% (15-15) 


This trapezoidal voltage must be superimposed on a quiescent voltage appropriate 
to establish the voltage vsvs at a quiescent level of 2.0 V. From the entries in 
Table 6-1 we judge that for germanium transistors Q2 and Q3, the base-to-emitter 
voltage will be about 0.2 V for each transistor. Therefore the waveform of Eq. 
(15-15) must be superimposed on a quiescent level of 2.4 V. 


f. We have seen that the input impedance looking into Q2 is 250 K. To 
minimize the nonlinearity of the trapezoidal-voltage-waveform generator, we 
make R2 = yyRi2 = 25 K. We may now set r so that Vew2(quiescent) = 2.4 V. 
We have, assuming that the drop across Q1 in saturation is 0.1 V, 

Tr 


r+ R,. 


r 


120 24-01 =2.3V 


Hl 


t 


490 Q 
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g. Comparing now Eqs. (15-6) and (15-15) we may set 


4 
—— = 0.92 —~ = 6.2 X 10 15-16) 
2 RC, ( 

in which V, the quiescent voltage across R», is 120 — 2.4 = 117.6 V. We find 
R, = 196 Q and Ci = 0.76 uF. 


h. The transistor QI in saturation need only carry a collector current of 
117.6/25 = 5mA. If we assume also that hrz = 50 for Q1, then at a minimum the 
base current of Q1 should be #5 = 0.1 mA. If Ry is selected to be 400 K, the 
base current will be about 0.3 mA, which is more than adequate to drive Q1 into 
saturation. The capacitor C, should be selected so that the time constant B.C, 
is long in comparison with the sweep duration, which is 10-3 sec. Thus we may 
set RC, = 0.01 and select C, = 0.01/(4 X 105) F ~ 0.03 uF. 


15-4 A VACUUM-TUBE CURRENT SWEEP 


We consider now an example of a vacuum-tube current sweep, as shown in 
Fig. 15-6. The circuit is similar to the transistor configuration of Fig. 15-5. 
The tube circuit is simpler since we need have no concern about raising the 
impedance seen looking into the output tube. Also, we have placed the yoke 
in the cathode rather than in the plate circuit. The output impedance of the 
cathode follower is low enough so that no additional damping resistor is 
needed. 


EXAMPLE In Fig. 15-6 it is required that the sweep duration be 107% sec, 
during which time the coil current is to change by 50 mA, so that k = 50 A/sec. 
Choose reasonable values for Vee, R2, Ri, Ci, R,, and C,. 


Solution Initially the grid of V1 is clamped to the cathode, and the sweep 
starts when V1 is driven beyond cutoff by the application to the grid of a negative 
gate, as shown. We arbitrarily select R: to be 1 M, so that with V1 in clamp 


9 Vpp (300 V) 


Fig. 15-6 A vacuum-tube current sweep. 
Supply voltages and component values 
refer to the illustrative problem. 
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(a) Plate voltage, V 


Fig. 15-7 (a) Plate characteristics of the power triode V2, used as the coil driver 
in Fig. 15-6; (b) the equivalent circuit, for changes from the quiescent value, 
of the cathode follower V2. 


the plate voltage of V1 is close to the cathode voltage. From the characteristics 
of V2 given in Fig. 15-7a we find that V2 will be cut off when the grid voltage 
is about —50 V. We bias V2 at —25 V with respect to ground. We then find 
that, in the presence of the 340-0 cathode resistance, the tube current is about 
20 mA. In this way the tube nonlinearity at low current is avoided. The 
drop through R2 must then be 325 V, so that the current in V1 is about 0.3 mA. 
At zero grid-to-cathode voltage V1 will conduct 0.38 mA when the plate-to-cathode 
voltage is about 5 V (Fig. D-2). Accordingly we set ~Veg = —30 V. The 
quiescent voltage across C, is 5 V. 

From Eq. (1-48) with R, = 0 we see that the equivalent circuit for the cathode 
follower V2 is given in Fig. 15-76, in which », is the voltage applied to the grid 
of V2, From the plate characteristics in Fig. 15-7a we estimate that r, = 2,300 Q 
and w= 7.5. R, =1,/(u +1) = 270 Q, and u/(u +1) = 0.88. Hence, from 
Eq. (15-3), ; 


2 = Oe EL +E A(R, + Rat (15-17) 
w+1 


Substituting k = 50 A/sec, L = 0.28 H, R, + Ry = 270 + 340 = 610 Q, and 
u/(u + 1) = 0.88, we find 


vo = 15.9 + 34.7 X 10% (15-18) 
Comparing this equation with Eq. (15-6) we find 


R, V 
“yy = 15.9 d 
R; ae RO 


= 34.7 X 10° (15-19) 


Since the quiescent voltage across R, is 325 V, then V = 325 V. For this value 
of V and for R, = 1 M, we find R; = 49 K and C, = 0.0094 uF. 


Sec. 15-5 CURRENT TIME-BASE GENERATORS / 583 


Excellent clamping is obtained with R, = 1M. The &,C, time constant 
should be long compared with the sweep time of 1 msec. Hence, we may choose 
C, = 0.01/R, = 0.01 pF. This value is far from critical; a smaller value will 
give an overshoot at the grid which will help discharge C, more quickly (Fig. 
8-26d). At the termination of the sweep interval the inductor current will 
decay from 70 mA to its original quiescent value of 20 mA with a time constant 
L/(Ri + RB.) = 0.28/610 sec = 0.46 msec. 


15-5 COIL CAPACITANCE 


The inevitable stray capacitance which shunts any physical coil introduces 
into current sweeps a minor complication which has no counterpart in voltage 
sweeps. Up to the present we have neglected the effect of this capacitance, 
but now we shall see how the driving waveform must be modified to take 
account of this capacitance. In Fig. 15-8 a current source is shown driving a 
yoke. A shunt capacitance C is indicated, and R, as usual, represents the 
parallel combination of the source impedance and any additional damping 
resistance. If a linear time base is desired, i, = kt for ¢ > 0 and hence the 
voltage » is 


v= LO + Rei, = KL + kR -(15-20) 
Hence, the current taken by the damping resistor is 

pons v _ kL + kRit 

“RR 


The sweep is to begin at £ = 0. The capacitor is uncharged at ¢ = 0— and, 
as indicated by Eq. (15-20), the capacitor voltage must jump to kL at t = 0+. 
Hence, a current ic must be furnished by the generator that will charge the 
capacitor to the voltage kL in zero time. This current must be infinite in 
magnitude but must last for only an infinitesimal time duration and must 
have the property that (1/C)Jic dt = kL, or 


Sic dt = kLC 


Also, an additional capacitor current must flow which is equal to kRiC so 
that the voltage across the capacitor will continue to rise at the same rate at 
which the voltage » is rising. 


Fig. 15-8 A current generator 7, feeds a 
magnetic deflection coil. The yoke capaci- 
tance C’ is shown, 
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Fig. 15-9 In order to obtain a 
linear sweep in the presence of 
yoke capacitance, a current gen- 
erator must supply three compo- 
nents of current: an impulse, a 
step, and a linear rise. 


t=0 t 


It is convenient to introduce the unit impulse or delta function 6(é), 
defined by 6(t) = «© when ¢ = 0, 5(t) = 0 when t ~ 0, and 


of 00 
[OP sma = 
We may now write for the current source that 


t, = tn + tr + tc = kt + (KL + KRzt) é + kRiC + kLCS(t) 


or 


: kL RRC Ri 

4 = kKLC8t) + R (1 + TL ) + kt ( + #) (15-21) 
Altogether the current generator must furnish a current that consists of an 
impulse, a step, and a linear rise, as indicated in Fig. 15-9. 

At the termination of the sweep the energy stored in the inductor must 
be dissipated. It is usually desired that the decay of inductor current shall 
not be accompanied by an oscillation in the circuit. The resistor R serves to 
provide damping for the circuit and is usually adjusted so that the circuit is 
either critically damped or overdamped. If we neglect the effect on the 
damping of the small resistance R, (Prob. 15-12), the value of R for critical 
damping is R = 4+/L/C = R.,._ The parameters for some typical deflection 
coils are given in Table 15-1.3 

The coil represented nominally by the second entry in this table, neglecting 
the capacitance, was used in the illustrative example of Sec. 15-3, and the coil 
represented by the first entry was used in the illustrative example of Sec. 
15-4. 


TABLE 15-1 Deflection-coil parameters 


1 {ZL 
L, mH, C~" Re =~ vi ReRitC X 10% 
Core at 1,000 Hz pF z Cc IV IC, usec ee rac 
Ty ue 200 19 ,000 


Mae Rhein 8,000 
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15-6 EFFECT OF THE OMISSION OF THE 
IMPULSE COMPONENT OF CURRENT 


It is physically impossible to generate exactly the impulse term of Eq. (15-21). 
Let us investigate the effect of omitting it completely. If 2, is given by Eq. 
(15-21) except that the term kLC6(t) is missing, the differential equation for 
iz for the circuit of Fig. 15-8 is found from 


Ri + tot ig) = B (« ee cH +3) ake 
to be 
24 J 
rie + (RRC +L) G+ (R + Radin 


=kL+ RRiCk + (R+ Rr)kt (15-22) 


The solution of the inhomogeneous equation is i, = kt, as is to be anticipated. 
The transient part of the solution is obtained by setting the right-hand member 
of Eq. (15-22) equal to zero. 


Critical Damping Assume first that R has been selected for critical 
damping, R = R,,. Then RR,C KL and also Ri K R (Table 15-1), so that 
diy diz, 


RLC ie +L 


a + Ri, =0 (15-23) 


The single root of Eq. (15-23) for critical damping is s = —1/+/ZC, and the 
form of the complete solution is 


in = (A + Bije-*/VEC + ket (15-24) 


At t = 0, the coil current i, is zero and the capacitor voltage v is zero. Since 
v = Ldi,/dt + Ryi, = 0, then the initial conditions are 7, = 0 and diz/dt = 0. 
Subject to these conditions we find that 


ty = kt(h — e~t/V2C) (15-25) 


which is plotted as a solid line in Fig. 15-102. The maximum deviation 
between the actual sweep and the ideal sweep is 0.37k +/LE and occurs at 
a time t = ~/LC. The sweep is temporarily delayed for an interval which is 
several times ~/LC. Values of ~/ZC are tabulated in Table 15-1. 


Overdamped Consider the case of very heavy damping. Since R is 
now even smaller than R.,, then certainly RRC « L, but it may not be that 
R,<R. Replacing the term Ri, in Eq. (15-23) by (R + Rz)iz, we find for 
the roots 


tl 1 [aR Ri)RC : 
t= — shat gpeyt - (15-26) 
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If # is smaller than yyR.,, then, for the typical coil parameters in Table 15-1, 
the second term under the square-root sign is less than 0.01. Neglecting 
this-term compared with unity, we have for the two roots 


1 


RC and & = 0 


y= — 


The form of the complete solution is 
i, = A+ BeRC 4 kt 


Subject to the initial condition i, = diz/dt = 0 at t = 0, we find for the com- 
plete solution 


ty = kt + RCk(e#/Re — 1) (15-27) 


The current 7; is plotted (solid line) in Fig. 15-10b, where it is seen that the 
sweep is permanently delayed by a time RC. The time delay will be smaller 
than the delay in the case of critical damping. For example, say R is reduced 
to F.,/10 = 1,900 9 for the first entry in Table 15-1. Then the delay is of the 
order of 0.38 usec rather than several times 7 usec. This result is to be expected 
since C may now charge from a lower-impedance source. 

The effective capacitance across a deflection coil should, of course, always 
be kept as low as possible by using a type of winding which gives the minimum 
distributed capacitance and by keeping stray circuit capacitances at a mini- 
mum. One very effective procedure is to reduce the number of turns on the 
coil, but in this case the deflection produced per unit coil current is correspond- 
ingly low. In applications where fast sweeps are required, it is not uncommon 
to use high-power transistors or small transmitting tubes to provide the neces- 
sary current. 


(a) 


Fig. 15-10 The coil current resulting from the omission of the 
impulse-current term in Eq. (15-21). In (a) R equals the critically 
damped value 2., and in (b) RK R,,. 
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Fig. 15-11 A voltage generator v, used to 
drive a deflection coil. 


Alternatively, we may use the circuit of Fig. 15-11, in which the Norton’s 
current generator of Fig. 15-8 is replaced by a Thévenin’s voltage generator 
v,. It is required that v, = 1,R, where i, is given by Eq. (15-21). Thus 


% = kKRLC8(t) + k(L + RRC) + (R + Rz)kt (15-28) 


15-7 METHODS OF LINEARITY IMPROVEMENT? 


The sweep circuits discussed in Secs. 15-3 and 15-4 will not provide precisely 
linear sweeps for the following four essential reasons: 


1. The impulse term required by Eq. (15-21) is lacking. 

2. The driver transistor or tube which provides the inductor current does 
not operate with sufficient linearity, especially over the large current ranges 
required. 

3. The nominally linear portion of the trapezoidal waveform provided by 
the circuit of Fig. 15-4 is actually exponential in form. 

4, The inductance of an iron-core coil varies with current. This non- 
linearity of the iron is avoided by using an air-core coil. The first three 
nonlinearities mentioned above will now be discussed. 


Circvits for Generating an Impulse In Fig. 15-12 is shown a transistor 
driver with the deflection coil in the collector circuit. A resistor R. bypassed 
with a small capacitance C, is placed in the emitter circuit. The input voltage 
is a trapezoidal voltage v, as shown. The degenerative effect of the emitter 
resistor R, will not make itself felt until C, has charged. The output current 7 
of the transistor will appear as in Fig. 15-18. During the relatively slow rise 
of the linear part of the trapezoidal voltage the presence of C, will have little 
influence on the output current and the effect of C, may be neglected. 
The time constant 2.C. is taken of the order of magnitude of the sweep delay 
resulting from the omission of the impulse. Since the spike of Fig. 15-13 is 
only a crude approximation of an impulse, the final value of C, is obtained 
experimentally for optimum linearity. 

Alternatively, instead of adjusting the current driver so that it provides 
a current spike, we may instead produce a spike in the voltage applied to the 
driver tube. For example, we may invert the gating square wave in Fig. 15-5, 
differentiate it with a small RC circuit (Sec. 2-3), and apply the resultant 
positive pip at the beginning of the sweep across R,. The voltage at the base 
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Yee 


t 


Fig. 15-12. An emitter R.C, combina- Fig. 15-13 The collector current in Fig. 
tion is used to yield an impulse-type 15-12 contains a spike because of the 
component of collector current. small R.C, time constant. 


of Q2 will then have the waveshape depicted in Fig. 15-13. Another circuit 
which produces the same result is given in Prob. 15-21. 


Improvement of Linearity of Current Driver for Yoke We see in Sec. 1-9 
that negative current feedback may be used to suppress the effect of the non- 
linearity of the active devices in an amplifier. A method of using current 
feedback in a yoke driver is shown in Fig. 1-15, where Z, represents the 
deflection yoke. On replacing the phasors J, and V, in Eq. (1-36) by their 
instantaneous values 7 and »,, this equation indicates, that the output current 
will be given by 


pet (15-29) 


and is independent of the amplifier characteristics. The negative current 
feedback has transformed the amplifier into a device which acts as a current 
generator whose output current is proportional to the applied input signal v,. 
The coil current will vary linearly with time, provided that the input voltage 
is given by », = iR,, where 7 is indicated in Eq. (15-21). 

Negative current feedback is used in the circuit of Fig. 15-5, where the 
emitter resistor R, of the driver stage Q3 is the feedback resistor R;. In 
Sec. 15-3 we verify that the signal voltage v, = v2 at the input to the 
base of Q2 is almost identical with the voltage drop v.n3 across R, [Eq. (15-15)}. 
Hence, v, = iF, is in agreement with Eq. (15-29). 

Negative voltage feedback may also be used to suppress the nonlinearity 
of the active devices in an amplifier. 


Linearization of Trapezoidal Voltage Referring to Fig. 15-4a, it is clear 
that a perfect trapezoid will be developed if the current through FR: is kept 
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Fig. 15-14. An operational ampli- 
fier used to generate a trapezoidal 
waveform. 


constant. The current will be constant at V/R, if the.top of the resistor R» 
is bootstrapped to the output voltage v.. This bootstrapping is conveniently 
done in the case of an amplifier with current feedback. From Eq. (15-29), 
the voltage developed across the feedback resistor is R,i = v,, and since the 
output voltage in Fig. 15-4 is v. = v,, it is only necessary to bootstrap the top 
of R, to the voltage drop across the feedback resistor. 

A second method for improving the linearity of the trapezoid is through 
the use of an operational amplifier or Miller integrator, as shown in Fig. 15-14. 
When the switch S opens at ¢ = 0, the output is 


_ V 

vo = R: V RC, t (15 30) 

just as required, provided only that the gain A of the amplifier is very large. 
A third method for obtaining a linear voltage sweep is to charge the 

capacitor from a constant-current source such as a common-base transistor. 

Each of these linearizing techniques is explained in detail in Chap. 14. 


15-8 ILLUSTRATIVE CURRENT SWEEP CIRCUITS 


Because of the feedback, the circuit of Fig. 15-14 not only provides an output 
of the correct form but, in the case of large A, has an output which is inde- 
pendent of device characteristics, etc. The deflection coil may therefore be 
placed directly across the output terminals. Since the output impedance is 
nominally zero, the required output voltage [Eq. (15-3)] is 


vo = kL + Rykt (15-31) 
Comparing Eqs. (15-30) and (15-31) and neglecting the arbitrary minus signs 
in Eq. (15-30), we may compute the required values of R: and C: as 
kKLRz C, = V 

V 1 RRLRz 


where V is the quiescent voltage across Re. 
A practical circuit which is patterned after the ideal circuit of Fig. 15-14 
is obtained from Fig. 15-5 by changing one connection: the terminal of C; 


Ri = (15-32) 
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Fig. 15-15 A current sweep using current feedback fo improve linearity. (Cour- 
tesy of CBS Laboratories, Stamford, Conn.) 


which is grounded is now tied to the collector of Q3. This alteration places 
R, and C, in series between the input and the output of the amplifier consisting 
of Q2 and Q3 in cascade, so that the circuit now functions as an operational 
amplifier. ; 

A more elaborate current sweep involving negative current feedback is 
shown in Fig. 15-15. This circuit is the configuration of Fig. 15-5 modified 
to incorporate a difference-amplifier stage Q4 and Q5 in the lead connected to 
the base of Q2. Figure 15-15 falls into the block-diagram form of Fig. 1-15, 
with input 1 corresponding to the base of Q4, input 1’ to the base of Q5, and 
R, = R.. Because of the additional gain provided by the difference amplifier 
there is a further improvement in the yoke-driver linearity over that attained 
with the simpler circuit of Fig. 15-5. In a high-current deflection system 
where R, is very small, additional gain as provided by Fig. 15-15 is necessary 
in order to satisfy the restriction A’R, > R, upon which Eq. (15-29) is based. 
The difference amplifier is used to combine the feedback voltage applied 
at the base of Q5 with the trapezoid applied at Q4. The avalanche diode is a 
coupling element between the collector of Q5 and the base of Q2, which operate 
at different quiescent voltages. 

Since, before application to the base of Q2, the trapezoidal voltage devel- 
oped across R,C, is amplified by the difference amplifier, the trapezoid may 
have an appreciably smaller amplitude. For this reason, it is now not neces- 
sary to supply the transistor Q1 from a supply voltage appreciably higher than 
is used for the remainder of the circuit. 

An improvement in linearity of the trapezoid waveform is possible if 
C, is charged not through R, but‘rather by placing C, in the collector of a 
transistor operating in a common-base configuration (Sec. 14-7). Further- 
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more, the linearity of the current sweep may be improved considerably if a 
push-pull configuration is employed to drive the yoke. 


15-9 A TRANSISTOR TELEVISION SWEEP CIRCUIT 


The frequency of a television horizontal sweep circuit is 15,750 Hz, correspond- 
ing to a total time of 63.5 usec for the combined sweep and retrace times. 
Since the flyback should be a small fraction of the complete cycle, one of the 
special problems associated with this television sweep is that of obtaining a 
fast retrace time (of the order of a few microseconds). Another important 
problem is that of conserving power. The peak energy stored in the induct- 
ance L of a deflecting coil is 4LJ,°, where J, is the peak current. If this 
energy were dissipated in each cycle, the power lost in the yoke would be 
P = 3LI,,"f,, where f, is the horizontal scanning frequency. Typical values 
are L = 30 mH, J, = 300 mA, and f, = 15,750 Hz, so that P = 21 W. This 
value represents a large portion of the total power taken by an entire tele- 
vision set with a large picture tube. 

The basic mechanism by means of which we may generate a current 


(a) 


Sopen S closed 


Fig. 15-16 (a) A basic fast-retrace lossless current sweep; (b) the inductor cur- 
rent waveform; (c) the waveform of the inductor voltage; (d) the gating wave- 
form required at the base of the transistor circuit of Fig. 15-17. 
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sweep with a fast retrace and with a minimum loss of power may be under- 
stood from a consideration of the circuit of Fig. 15-16a. Here, a parallel 
combination of an inductor L and a capacitor C is connected to a voltage 
source V through a switch S. Assume that initially there is no energy stored 
in C or L and that switch S is closed at time { = 0. Then, as shown in Fig. 
15-16b, the current 7, in the inductor will start at zero and increase in accord- 
ance with i, = (V/L)t. Of course, as shown in Fig. 15-16c, so long as 8 is 
closed, the voltage across L (and C) is V. 

At time ¢ = t;, when the inductor current has reached a value 7, = J, 
the switch S is opened. The LC circuit now begins to oscillate; that is, it 
“rings” as described in Sec. 2-11. The waveform of the current is cosinusoidal 
with an angular frequency w = 1/+/LC. At the end of one half cycle of 
oscillation the inductor current will have reversed, being i, = —J. At this 
moment (time ¢ = tz), the switch S is closed again and the current 7, increases 
linearly from —J to I. Then S is again opened, and the cycle beginning at ti 


repeats. 
The inductor current during the retrace is 
i, = I cos u(t — ti) (15-33) 
and the peak voltage across the switch has the magnitude 
diz, - 
L (3) SULT (15-34) 


The retrace time is 1/2f. Since the resonant frequency of a coil used 
in a commercial television set is at least 70 kHz, the flyback time is less than 
1/(2 X 7 X 104) sec = 7 psec. This calculation demonstrates that the circuit 
does indeed have the desired short recovery time. 

In Fig. 15-17 the switch of Fig. 15-16 is replaced by a transistor. The 
input signal makes transitions between two levels such that the transistor 


D1 High 
voltage 
output 


Fig. 15-17 A television horizontal-deflection circuit and fly- 
back power supply. The gating waveform vz is indicated in 
Fig. 15-16. 
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Fig. 15-18 Common-emitter collector characteristics illustrating the bi- 
directional property of a transistor switch. 


is driven from cutoff to saturation. The timing of the base waveform is shown 
in Fig. 15-16d. The train of large amplitude pulses (Fig. 15-16c) which appears 
across the yoke is coupled through D1 to the primary of the transformer T. 
The transformer steps up the voltage, and the pulse waveform is rectified by 
the thermionic diode D2. This arrangement is called a flyback (or kickback) 
power supply. The high d-c voltage developed at the output of the rectifier 
is used to accelerate the beam in the television picture tube. Power is sup- 
plied from the sweep circuit to provide filament heating power as well. The 
pulse waveform across the yoke appears across the transistor as well as across 
the transformer and may, for this reason, have to be limited to a peak voltage 
of the order of 100 V or so. However, T may have a step-up ratio as high as 
J00 or more, so that a rectified output voltage of the order of 10 kV is not 
unreasonable. Diode D2 must have a correspondingly high peak inverse 
voltage. This diode is thermionic, because suitable single semiconductor 
rectifiers with so large a peak inverse voltage are not presently available. 

In using a transistor as a switch in the circuit of Fig. 15-17 we find a 
requirement imposed on the switch which we have not previously encountered. 
We observe in Fig. 15-16 that during the interval of the linear sweep the 
current through the inductor, and hence through the transistor, flows first 
in one direction and then in the other. The transistor must operate as a 
bidirectional switch.’ That a transistor does indeed have such bidirectional 
properties may be seen in Fig. 15-18. Here, typical collector characteristics 
have been plotted for collector-to-emitter voltages of both polarities. The 
normal region of operation is in the first quadrant. In the third quadrant, 
the collector-to-emitter voltage and the transistor current are both reversed 
but the base current is not reversed. In this third-quadrant region the roles 
of the emitter and collector junctions are interchanged, the emitter acting as 
a collector and vice versa. This inverted mode is discussed in Sec. 6-16. 
The closer spacing of the characteristics indicates a reduced current gain 
for the inverted connection. It appears from Fig. 15-18 that if the base 
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current is set at Jgs, the transistor will remain in saturation over the range 
of currents —Ic¢2 to +Je:. If the transistor is reasonably symmetrical, as is 
the case with alloy-junction transistors, [¢: and Ic, will be comparable to 
one another. Special transistors that have been symmetrically constructed 
for use as bidirectional switches are commercially available. 


15-10 . A VACUUM-TUBE TELEVISION SWEEP CIRCUIT® 


This sweep operates on the same basic principle as does the transistor sweep. 
Relative to the transistor case, however, the vacuum-tube circuit is beset 
by two complications which make the latter circuit slightly less simple. First, 
a vaciium tube will not carry current bidirectionally. Therefore, to allow 
current flow in two directions as is required, two tubes must be used. Sec- 
ondly, the vacuum tube is not adequate as a switch to allow the generation 
of a linear sweep by the simple mechanism of connecting the yoke to a supply 
voltage through the tube switch. The tube resistance is too high. Therefore 
the yoke must be placed in series with the tube, and a sweep generated by the 
application to the grid of the tube of an appropriate trapezoidal voltage. 

The basic circuit structure of the vacuum-tube sweep is shown in Fig. 
15-19 together with its waveforms. The diode replaces the damping resistor 
and is called the damper diode. This diode provides the path through which 
the yoke current may reverse. The operation of the circuit is the following. 

Assume that the input to the grid of the amplifier is a single-stroke 
trapezoidal sweep lasting for a time 7,, as indicated in Fig. 15-19b. The 


Fig. 15-19 (a) Basic vacuum-tube television defiection amplifier; (b) required 
trapezoidal input driving waveform; (c) inductor current for single-sweep opera- 
tion; (d) inductor voltage. 
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Fig. 15-20 Arecurrent sweep. (a) The input waveform; 
+ (b) the coil current is made up of the superposition of two 
currents; (¢c) the coil voltage. 


current 7, in the coil is approximately linear. If the coil resistance is neglected, 
the voltage vz across the coil is positive and of constant value for the interval 
T.. The diode conducts a constant current during this interval. At the end 
of the sweep, the switch V is cut off. The plate current immediately falls 
to zero, and the coil current now flows through the capacitor C. The circuit 
rings for a half cycle, during which time v, = L di/dt is negative and the 
diode is cut off. The coil current changes in a cosinusoidal manner from a 
positive peak J to a negative value —J in a time 1/2f, where fis the resonant 
frequency corresponding to L and C. At the end of this half cycle the voltage 
vz, reverses sign (Fig. 15-19d), and D conducts again. The current i, 
and the voltage vz now decrease to zero with a time constant L/R;, where R; 
is the forward resistance of the diode. 

For the sake of simplicity, we assumed a single-stroke sweep in the above 
discussion. For a recurrent sweep, the situation is as pictured in Fig. 15-20. 
The sweep time 7, is chosen so that the period T of the input voltage is only 
slightly longer than T, + 1/2f. Under these circumstances tube V begins to 
conduct again before D stops conducting. Hence, the total coil current 
(shown dashed in Fig. 15-20) is now made up of two components: the positive 
one is that part of the coil current which flows in V and the negative one is that 
portion of the coil current which flows in D. 

By adding a step-up transformer and a high-voltage diode to Fig. 15-19, 
in the manner indicated in Fig. 15-17, the flyback power-supply voltage to 
accelerate the picture-tube beam is obtained. 
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We also see from Fig. 15-20b that the total sweep corresponds to a current 
of 2J and yet the peak energy stored in the inductor is sLJ* and not $L(2I)?. 
Hence the use of the damper diode to replace a damping resistor has reduced 
(to one-fourth its previous value) the magnetic coil energy which is dissipated 
in each cycle. The ideal transistor television sweep described in Sec. 15-9 
dissipates no energy. Of course, taking account of the yoke resistance, the 
transistor leakage, etc., we should find energy lost in the transistor sweep as 
well. However, these losses may be of the order of magnitude of only one- 
tenth the losses in the tubes of a vacuum-tube sweep. Hence transistor 
sweeps are generally more efficient. 
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15 BLOCKING-OSCILLATOR 
CIRCUITS 


The output of an active device may be coupled back to the input 
through a pulse transformer. If the relative winding polarities are 
properly chosen, the feedback will be regenerative and the circuit 
can be made to generate # single pulse (monostable operation) or a 
pulse train (astable mode). A transformer-coupled configuration of 
considerable practical importance, called the blocking oscillator, is 
described in this chapter. Also considered is a blocking-oscillator 
type of circuit, called a multcar, which functions as a regenerative 
comparator. 


16-1 A TRIGGERED TRANSISTOR BLOCKING OSCILLATOR 
(BASE TIMING)?! 


A monostable blocking-oscillator circuit which may be triggered by 
a slowly varying input voltage is shown in Fig. 16-1. Depending 
upon the parameters of the pulse transformer and the circuit, the pulse 
width may lie in the range from nanoseconds to microseconds. The 
transformer has n times as many turns in the base circuit as in the 
collector circuit and is connected into the circuit so as to provide polar- 
ity inversion as indicated by the dots on the windings. A resistor R 
is included in series with the base of the transistor, and it will be seen 
that this resistor controls the timing, that is, the pulse duration. 

In the quiescent state the transistor is orr. Since the cutin base- 
to-emitter voltage at room temperature is approximately 0.1 V 
positive for a germanium and 0.5 V positive for a silicon (n-p-n) 
transistor, then Vee may be reduced to zero. However, in order to 
avoid triggering by noise pulses and to prevent free-running operation 
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— Vea~0 


(a) (6) 
Fig. 16-1 (a) A triggered transistor blocking oscillator with base timing; 
(b) the equivalent circuit during the pulse formation. (In blocking oscil- 
lators, iron-cored pulse transformers are invariably employed. However, 


to simplify the drawings the symbol for these iron cores has not been 
indicated.) 


at elevated temperatures, Vaz is selected to be of the order of a few tenths 
of a volt. Since Ves < Vec and does not basically affect the operation of 
the circuit we shall neglect Vzs in the discussion below. 

Suppose that a triggering signal is momentarily applied to the collector 
to lower its voltage. By transformer action and with the winding polarities 
indicated in Fig. 16-la the base will rise in potential. When the base- 
to-emitter voltage exceeds the cutin voltage, the transistor starts to draw 
current. The increase in collector current lowers the collector voltage, which 
in turn raises the base voltage. Hence, still more collector current flows, 
regulting in a further drop in collector potential. If the a-c loop gain exceeds 
unity, regeneration takes place and the transistor is quickly driven into 
saturation. 

Let us ignore the small time required for the transistor to enter saturation. 
The pulse amplitude, width, and waveshape are obtained from the equivalent 
circuit of Fig. 16-1b, where the pulse transformer is replaced by an ideal trans- 
former in shunt with the magnetizing inductance L of the collector winding. 
The leakage inductance o and shunt capacitance C of the transformer model 
of Fig. 3-5 affect the rise time but not the relatively slowly varying voltages 
during the pulse. Hence o, C, and the small ohmic winding resistance are 
omitted from Fig. 16-1b. The transistor saturation junction voltages Vcz(sat) 
and Vgz(sat) could easily be included in the circuit, but they are small com- 
pared with Vcc and for the sake of simplicity we shall neglect them. 

For an ideal transformer the sum of the ampere-turns is a constant and 
the induced voltages are proportional to the turns. Since in the quiescent state 
all currents are zero, then the ampere-turns within the dashed box of Fig. 
16-18 must add algebraically to zero. If i is the current in the ideal trans- 
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former collector winding, then, taking winding polarities into account, 
1 — nig = 0 (16-1) 


If V is the amplitude of the step across the collector winding, then nV is the 
corresponding voltage across the base winding. Observe in Fig. 16-1b that 
the polarities assigned to the winding voltages V and nV are consistent with 
the polarity inversion indicated by the > dots. From the collector circuit of 
Fig. 16-16 we see that 


V = Vee (16-2) 


From the base circuit 


_ nV _ Vee 
7: id R = R (16-3) 
and from Eq. (16-1) 
2 
i=* Vee (16-4) 
If tm is the magnetizing current, and since V is a constant, then 
din _ . _ Vt 
"a =V or in = TL (16-5) 
Since t¢ = 7 + in, then, from Eqs. (16-4), (16-5), and (16-2), 
- _ Vee , Veet 
te = R + EF (16-6) 


Note that the collector current is trapezoidal, whereas the base current is 
constant, as indicated in Fig. 16-2. 

Att = 0+ the operating point on the collector characteristics of Fig. 16-3 
is at point P, where ic = n*?Vcc/R and tp = nVcc/R. The transistor is in 


Fig. 16-2 (a) The collector current 
and (6) the base current in the cir- 


t=0 t=ty t 


cuit of Fig. 16-1. (The dashed curve : 
is due to minority carriers stored in = 
the base.) "Voc | _ (6) 
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ig=Ip 


Fig. 16-3 The path of the collector current 
is along the saturation line from P to P’. 
The pulse ends at P’, where the transistor 


P'(t=ty) 


comes out of saturation. 


0 Ver 


saturation, provided that 
hrgiz > tc or hez > 1 (16-7) 


a condition which is very easy to satisfy since the turns ratio n is usually 
close to unity. For ¢> 0 the collector current increases and the operating 
point moves up the curve in Fig. 16-3, corresponding to the constant base 
current iz = nVcc/R = In. When point P’ is reached, Vcz increases rapidly, 
and this decreases the transformer voltage and hence the base current. At this 

_ point P’ the transistor comes out of saturation. Because the loop gain exceeds 
unity in the active region, the transistor is quickly driven to cutoff by regenera- 
tive action and the pulse ends. Since the regeneration which terminates the 
pulse starts when the transistor comes out of saturation, then the pulse width 
t, is determined by the condition 


te = heute (16-8) 
or, from Eqs. (16-6) and (16-3), 


n*Voe Vectp = nVeo 
Ro ye Gee) 
Solving yields 
nb Lh, 
= R (hrg — n) ~ — (16-10) 


This result indicates that the pulse width is a linear function of hrz, a param- 
eter which varies with temperature (Fig. 6-27c) and which may change by a 
large factor (Fig. 6-23) with transistor replacement. Hence, the circuit of 
Fig. 16-1 with the timing resistor 2 in the base circuit is impractical if predict- 
able and stable pulse widths are desired. The circuit is presented here because 
it illustrates very simply the basic principles involved in determining the pulse 
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shape in a transistor blocking oscillator. In the next section we show that by 
moving the timing resistor R from the base to the emitter leg, the pulse width 
of the blocking oscillator can be made quite insensitive to the parameter Arr. 

In Fig. 16-20 it appears that at ¢ = ¢, the current ig returns to zero and 
remains at this level. Actually, because of minority-carrier storage (Chap. 20) 
there may be an undershoot, as indicated by the dashed waveform. 


16-2 A TRIGGERED TRANSISTOR BLOCKING OSCILLATOR 
(EMITTER TIMING)? 


The blocking oscillator of Fig. 16-4 consists of a transistor with an emitter 
resistor and a three-winding pulse transformer. One winding is in the collector 
circuit; the second winding, with n times as many turns, is in the base circuit ; 
the third winding, with n, times as many turns as the collector winding, feeds 
a resistor Rx, which may be the load or may be required for damping, as we 
shall see below. The base and collector turns must be connected for regenera- 
tive feedback, but the relative winding direction of the third leg of the trans- 
former is arbitrary. It may be chosen to obtain either a positive or negative 
output pulse across the load. Of course, such a third winding could also 
have been included in the blocking-oscillator circuit of Fig. 16-1. 


Pulse Amplitude, Width, and Waveforms Subject to the same approxi- 
mations made in the preceding section, the equivalent circuit from which to 
calculate the current and voltage waveforms is that indicated in Fig. 16-40. 


Fig. 16-4 (a) A monostable transistor blocking oscillator with emitter timing; 
(b) the equivalent circuit during the pulse formation. 
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Applying KVL to the outside loop encompassing both the collector and base 
meshes gives 

—VeoetVt+nV =90 


or the drop V across the collector winding during the pulse is 


Vee 
V= eri (16-11) 
From the base circuit we see that the drop across F is 
Ven = nV = (ic + tz) R (16-12) 
or 
—te = te + B= Rr = n+1 R (16-13) 


Note that the emitter current is a constant. In order-to find the collector 
and base currents individually, we seek one more relationship between t¢ 
and zg. Since the sum of the ampere-turns in the ideal transformer is. zero, 


i nig+ ni =0 as (16-14) 
From the load circuit, 

: Vv 

i= —-F- (16-15) 
From KCL at the collector node and Eg. (16-5), 

ee ee eee ee a (16-16) 


Substituting from Eqs. (16-15) and (16-16) into (16-14), 


. Vt ‘ nV 
io — 7 — Nin — 


=0 (16-17) 


This is the desired second relationship between ig ands. Solving Eqs, (16-13) 
and (16-17) and using Eq. (16-11) we obtain 


- Vee n? ny t 

ce = (a+ 1 + 1)? ¢ + Ri + i) (16-18) 
and 

— Vee n ny t 

ia = (+ 1)? ¢ ee zr) (16-19) 


Note that the collector-current waveform is trapezoidal with a positive slope, 
the base current is also trapezoidal but with a negative slope, and the emitter 
current is constant during the pulse. These waveforms and also the base, 
collector, and load voltages as a function of time are pictured in Fig. 16-5. 
At t= 0+, ic < hrxis and the transistor is in saturation. As time 
passes, ic increases and the operating point moves up the saturation line 
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Fig. 16-5 The current and voltage waveforms in a transistor blocking oscillator 
with an emitter resistor [V = Vec/(n + 1)]. 


in Fig. 16-3. While i¢ grows with time, the base current is decreasing and 
eventually point P’ is reached at ¢ = t,, where ig = Ip and ic = hrgls. 
Equation (16-8) is satisfied and, as explained in the preceding section, the 
transistor then comes out of saturation and enters its active region. By 
regenerative action the transistor quickly returns to the orF state and the pulse 
ends. Applying Eq. (16-8) to Eqs. (16-18) and (16-19) with ¢ = ¢, we obtain 


_ Whee nn nb iS 
t, = B keo al Ri, (16-20) 


Since usually § <n < 1, then hrg > 7n and 


hie ae (16-21) 


Subject to the reasonable approximations made above, the pulse width t, 
is independent of hrzg and depends only upon passive elements, n, L, R, etc. 
Here, then, is a simple circuit which yields a pulse of very stable duration. 

If the second term in Eq. (16-21) exceeds the first term, then f, is negative, 
which situation is obviously impossible. It turns out (Prob. 16-2) that in 
order for the loop gain to exceed unity, which is the necessary condition for 
regeneration to take place and a pulse to form, the following inequality must 
be valid: 


n?R heg +1 


Ri > n hre~—1 


If this inequality is indeed satisfied, then ¢, in Eq. (16-20) cannot be negative. 
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The effect of the transistor saturation voltages on the pulse width (Prob. 
16-3) is to multiply the first term in Eq. (16-20) by the factor 


Vee — Ver(sat) — [Vexr(sat)/n] 
Vcc — Ver(sat) + Vez(sat) 


Hence, as long as Vcc > Ver(sat) + [Vex(sat)/n], then the pulse duration 
is almost independent of supply voltage and is given by Eq. (16-21). We 
should also mention that the effect of the base-spreading resistance 7» has 
been neglected in the derivation of Eq. (16-21). It turns out that we must 
add to R the small resistance rs/(hye + 1). However, if R exceeds 100 Q, 
very little error is made in neglecting the effect of ry. 


Fe 


(16-22) 


Recovery and Loading Considerations We shall now examine the wave- 
form fori > t,. At the termination of the pulse there exists a current 7,, in the 
magnetizing inductance of the transformer. Since the current through an 
inductor cannot change instantaneously, the current must continue to flow 
even after t = tp, when the transistor currents have dropped to zero. The 
path for the magnetizing current is through the capacitance of the transformer. 
Since this capacitance (not shown in the figure) is small, then i, decays rapidly 
and hence induces large voltage overshoots at the collector, base, and at the 
load, as indicated in Fig. 16-5. These overshoots must not be so large as to 
exceed the breakdown voltage BV cz or BV zs. 

It is important to note that adequate damping of the backswing which 
occurs at the termination of the pulse is absolutely essential to the operation 
of the blocking oscillator. In Fig. 16-5e the solid curve represents a typical 
waveform when the damping is sufficient to cause the backswing to die down 
in half a cycle. If the damping is inadequate, the backswing may oscillate 
as indicated by the dashed curve. In such a case, regeneration would start 
again at the point marked X, where the base voltage is slightly positive and 
the transistor reenters the active region. The blocking oscillator would then 
be free-running and would generate a continuous oscillation whose shape would 
resemble a very distorted sinusoid. If the core losses of the transformer are 
low, as they are in a ferrite core, and if the load Rz does not supply adequate 


Fig. 16-6 The load Rz is switched on 
and oFF through Q2, which is driven by 
the blocking-oscillator collector current. 
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damping, then an external resistor must be shunted across the transformer. in 
order to obtain monostable operation. 

In order to suppress the transformer oscillations without loading the 
blocking oscillator during the pulse interval, a damping resistor R’ in series 
with a diode may be shunted across the transformer. The diode is introduced 
with such polarity that it does not conduct during the pulse interval but does 
conduct during the overshoot. With an n-p-n transistor, as in Fig. 16-4, the 
anode of the diode is at the collector side and the cathode at the supply-voltage 
side. The resistor 2’ is selected to be smaller than the critical damping resist- 
ance. At the end of the pulse the diode conducts and the energy stored in the 
magnetizing inductance is dissipated in R’ with a time constant L/R’.. Allow- 
ing four time constants for the quiescent condition to be established, the 
maximum frequency at which the circuit can be triggered is fnax = R’/4L. 
A method which allows a higher triggering rate is given in Prob. 16-15. 

The load to be driven by the blocking oscillator may be supplied from a 
tertiary winding, as indicated in Fig. 16-4, or placed across & from emitter to 
ground. In either case we see from Eq. (16-21) that the pulse width depends 
upon the value of the load resistance. There are applications where the block- 
ing oscillator must drive a variable load: for example, a ferrite-core memory 
where the load depends upon the number of cores to be excited. A method? 
of obtaining a pulse duration which is independent of the loading is to place 
R;z in the collector leg of a second transistor Q2 whose base current is the 
collector current of the blocking-oscillator transistor Q1, as indicated in Fig. 
16-6. The effective supply voltage of Q1 is Vec ~ Var2(sat) ~ Vec. The 
load current is [Vcc — Veg2(sat)|/Rr ~ Vec/Rx for a time t, ~ nL/R and 
zero outside this interval. 


~ 
7 


Triggering ' An excellent way to trigger a blocking oscillator is indicated 
in Fig. 16-7. Transistor Q2 provides amplification for the applied triggering 
signal. In this circuit there is little reaction of the blocking oscillator back 
on the triggering source. The applied trigger must have a sufficiently steep 
leading edge so that the induced transformer voltage brings the blocking- 
oscillator base out of cutoff. The resistor R”’ is very large compared with R 


Fig. 16-7 A positive triggering 
signal is introduced through 
transistor Q2 to the collector 
of Q1. 
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and is included so that. under quiescent conditions the voltage across R'is of 
the order of 0.5 V and serves the same function as did Van in Fig. 16-4. 
The small capacitor across R improves the rise time of the pulse (Sec. 16-4). 

Alternative methods of triggering the blocking oscillator include applying 
a positive pulse through a diode to the base or a negative pulse through a 
diode to the collector. While the pulse is formed the diode becomes reverse- 
biased and hence prevents the blocking oscillator from reacting back on the 
trigger source or the trigger source from influencing the blocking oscillator 
during the formation of the pulse. 

If the input signal is a pulse, it is advantageous to have this triggering 
pulse wider than the blocking-oscillator pulse. Otherwise, if the trailing edge 
of the triggering waveform has a short fall time, it may prematurely terminate 
the blocking-oscillator pulse. 


16-3 ADDITIONAL METHODS FOR CONTROLLING THE PULSE 
DURATION OF A BLOCKING OSCILLATOR 


In the common-emitter circuits of the preceding sections the transformer 
coupling has been between the collector and the base. It is also possible to 
place one winding of the transformer in the collector and the second winding 
in the emitter, resulting in a common-base configuration. A third possibility 
employs transformer coupling between the base and the emitter, a common- 
collector configuration. In each case it is found that if the timing resistor & 
is in the base, ¢t, varies drastically with hrz, whereas if & is in the emitter, ¢, is 
almost independent of hrz. Clearly the timing resistor should be placed in 
the emitter, but there is no distinct advantage in one coupling method over 
the others. However, the CE configuration generates output pulses of oppo- 
site polarity at the two windings, whereas the CB and CC do not. These 
various circuits are considered in Probs. 16-7 to 16-9. 

In deriving Eq. (16-21) for ¢p we implicitly assume that the magnetizing 
inductance L is a constant. Suppose now that we use a core which saturates 


(a) Fig. 16-8 The collector and base currents in the 
blocking oscillator of Fig. 16-4 if the transformer 

t core saturates. 
ta 


Sec. 16-3 BLOCKING-OSCILLATOR CIRCUITS / 607 


Fig. 16-9 A rectangulor hysteresis 
loop for an iron core. 


when the flux density B reaches a maximum value B,. The inductance L now 
decreases with current and L > 0 as B— B,,. From Eggs. (16-18) and (16-19) 
we may anticipate that the collector and base currents will no longer be 
trapezoidal, as in Fig. 16-5a and 6b, but rather will have waveshapes more 
like those indicated in Fig. 16-8. As B— Bn, ic increases very rapidly, 
whereas ig decreases quickly toward zero. Hence, as this maximum flux 
density is approached, the condition ic = Arziz is satisfied and the pulse 
ends. Let us assume that the pulse terminates when the core is completely 
saturated. Let N equal the number of turns in the collector winding, A equal 
the cross-sectional area of the core, and ¢ the magnetic flux. Equation (16-11) 
continues to apply to the present case where the core saturates. Hence the 
voltage across the collector winding is a constant V, and 


_ arp dd _ dB Vee 
Ng, ee eed 
where we have used Eq. (16-11). Integrating between the limits 0 and t, 
for é, corresponding to 0 and B,, for B, gives 


_ (n+ 1)NABn 
,- Se (16-23) 


Note that now the pulse duration depends upon the supply voltage and 
the properties of the core but not upon the transistor parameters (under the 
assumption made above that saturation takes place abruptly at B = Bn). 
Now consider a core which, in addition to saturation, also exhibits hys- 
teresis, as indicated in the B-H loop of Fig. 16-9. Assume that at t = 0, 
with no current in the windings, B = —B,, and that when the blocking oscil- 
lator is triggered, H increases beyond H,, so that B reaches B,. Then ¢, is 
given by Eq. (16-23) with B,, replaced by 2B,. At the end of the pulse B 
retains the residual flux density +B,. An attempt to trigger the blocking 
oscillator again is now doomed to failure because dB/dé = 0, no voltages are 
induced in the transformer, and regeneration is impossible. In order for the 
circuit to operate properly the core must be reset so that its flux is —B, 
after each pulse. A convenient method of obtaining this reset flux is to use 
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Fig. 16-10 A shorted delay line is used to 
determine the pulse width of a blocking 
oscillator. 


an auxiliary winding in series with a resistor R, across the supply voltage. 
When the transistor is orr, the current Vcc/R, in this reset winding supplies 
the necessary ampere-turns so that H becomes more negative than —H¢ and 
hence B = —B, (Prob. 16-10). 

The last method to be discussed for controlling the pulse width uses 
a shorted delay line in the circuit of Fig. 16-10. When the blocking oscillator 
is triggered, a positive step is generated at the input to the line. This dis- 
continuity upon reaching the shorted end of the line at ¢ = tg is reversed in 
polarity. When this reflected wave reaches the input to the line, the positive 
step at the collector of the transistor starts the regenerative action which 
terminates the blocking-oscillator pulse. The width of the pulse is 2tz, pro- 
vided that t,, as determined by Eq. (16-21), is greater than 2t,. 


16-4 THE BLOCKING-OSCILLATOR RISE TIME 


The rise time of the blocking oscillator may be calculated in principle by 
replacing the transistor and the transformer by their high-frequency small- 
signal models. The characteristic equation of the resulting equivalent circuit 
is solved for its roots. One of these roots, say s1, must be positive, and the 
term e* in the expression for the waveforms will predominate. This exponen- 
tially increasing function of time represents the regenerative action taking 
place during the formation of the pulse. The time ¢, it takes the pulse to rise 
from 0.1 to 0.9 of its peak value is then given by ¢, = 2.2/8. 

In practice the above indicated analysis is very difficult to carry out 
because of the complexity of the resulting equivalent circuit. A digital 
computer has been used‘ to obtain numerical solutions for a wide range of 
circuit-parameter values. Common-emitter operation is found to have the 
fastest: rise time. The analysis also shows that there is an optimum turns 
ratio, but that this minimum in ¢, is quite broad and for the CE configuration 
occurs for n of the order of } to a Clearly, the better the high-frequency 
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response of the transistor and the transformer, the smaller will be the rise time. 
Because of the mathematical difficulties mentioned above and also because 
it is a gross approximation to assume that the active element behaves linearly 
for the large swings involved during the pulse formation, the value of rise time 
should be determined experimentally. A rise time of about one-tenth the 
pulse width is a reasonable order of magnitude. 

Experience shows that if the emitter resistor R in Figs. 16-4 and 16-7 
is bypassed by a small capacitance (of the order of 100 pF), then a rise-time 
improvement by a factor of about 2 can be obtained. Such a rise-time 
improvement is to be expected on the basis that during the rise time the capaci- 
tor eliminates the degenerative feedback resulting from the resistor. The loop 
gain is thereby increased and, correspondingly, the rise time decreased. Too 
large a capacitance introduces undesirable ringing at the top of the pulse. 


16-5 AN ASTABLE TRANSISTOR BLOCKING OSCILLATOR 
(DIODE-CONTROLLED) 


One form® of a free-running blocking oscillator is indicated in Fig. 16-1la. 
The symbol D is used to represent a diode network which may consist of one 
or more p-n junction germanium or silicon diodes in series or a p-n diode D1 
in series with either a battery or an avalanche diode D2, as in Fig. 16-110. 
The piecewise linear approximation for the diode combination is indicated in 
Fig. 16-11c, where V, is the offset voltage of the p-n diodes or the Zener voltage 
or the battery voltage and A; is the diode forward resistance. The divider 
supplies a small bias Vaz (~ 1 V) which is in the direction to forward-bias the 


D1 


D2 


(6) (c) 

Fig. 16-11 (a) A free-running blocking oscillator; (b) the diode D in (a) may 
consist of a p-n diode D1 in series with a breakdown diode D2; (c) the piece- 
wise linear model for diode D. 
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emitter junction. As soon as base current starts to flow, the regeneration 
discussed in Sec. 16-2 takes place and the waveforms indicated in Fig. 16-5 for 
0 <i <zé, are generated. During this interval the diode is orr, and hence 
the amplitude and duration of the pulse have the values previously calculated 
for the monostable circuit (provided that Vaz «K Vcc). 

At the end of the pulse the magnetizing current 7, obtained from Eqs. 
(16-5) and (16-11), is given by 


ln = Vee bp 
™““n+i1L 


It 


I, (16-24) 


Using Eq. (16-21) with Rr, = © we obtain 


n Veo 


saackoet eas Hae - 


(16-25) 


which indicates that the peak magnetizing current is independent of the 
inductance. At ¢ = ¢, the transistor is cut off and the inductor current must 
flow through the diode and through the transformer capacitance, as shown in 

* Fig. 16-12a. We shall neglect the small diode forward resistance Ry, so that 
V, appears directly across Z and the shunt capacitance C. Hence, the 
collector voltage rises above Vcc by Vy, as indicated in Fig. 16-13a. Since, 
for t > tp, L din/dt = —V,, then, shifting the time origin to the end of the 
pulse, we obtain 


i= a aren (16-26) 


The current decreases linearly with time after the pulse ends, as indicated 
in Fig. 16-13c. The diode current falls to zero at a time t, given by Eqs. 
(16-26) and (16-25): 


= LI, = n L Veo 


a ee ER (16-27) 


After 7, is reduced to zero the diode becomes an open circuit, and the 
underdamped ringing circuit of Fig. 16-12b results. Since the shunt capacitor 


Fig. 16-12 (a) At the end of the 
pulse the magnetizing current 7, 
passes through the diode; 

L C (b) when in is reduced to zero the 
diode becomes an open circuit and 
the magnetizing inductance rings 

(d) with the shunt capacitance. 
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Fig. 16-13 Waveforms for the astable blocking oscillator of Fig. 16-11. 
(a) Collector voltage; (b) base voltage; (c) magnetizing current. (The 
symbol V,, is used for the cutin voltage of the transistor to distinguish 
it from V,, which represents the break-point voltage of the diode 
network of Fig. 11-6.) 


C is initially charged to V,, a sinusoidal oscillation of amplitude V, and 
period 2x »/LC begins, as indicated by the dashed curve in Fig. 16-13a. After 
one-quarter of a cycle, in a time 


= 1.57 WLC (16-28) 


vc falls below Vee. This negative swing at the collector is reflected in a 
positive swing at the base. When veg exceeds the cutin value V,9 of the 
transistor, there is initiated the regenerative action needed to turn the tran- 
sistor oN again. Hence, without the aid of an external trigger a new cycle 
starts. Clearly, the diode has caused the circuit to function in an astable 
mode with period T = tp + ty + ta. The collector and base voltages (Fig. 
16-13a and b) are nearly rectangular without the overshoots shown in Fig. 16-5d 
and e. The transistor current waveforms are those indicated in Fig. 16-5a to 
c over the interval ¢, and zero for the next t; + ¢,, and then the cycle repeats. 


Mune setae sae A ee ee ems a me 


EXAMPLE The circuit of Fig. 16-11a has the iolewine parameters: L = 5.2mH, 
C = 90 pF, Vee = 10 V, R = 500 2, V, = 6 V,n = 1, and Veg = 0.5 V. Cal- 
culate (a) the period and the duty cycle of the free oscillations, (b) the peak volt- 
ages and currents, and (c) the current in the magnetizing inductance at the end 
of one cycle. Neglect saturation junction voltages. 
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Solution Since Vax K Vec, Eq. (16-21) for t, is valid: 


_ nb _52X10- 


t. 
> R 500 


sec = 10.4 usec 


From Eq. (16-27) 


n L Veo 15.2 X 1073\ (10 
t= = =- sec = 8.7 usec 
n+1RV, 2 500 6 


From Eq. (16-28) 


ty = 1.57(5.2 X 10-3 X 90 X 10712)4 sec = 1.1 psec 
The period 7 is given by 
T =tptt +t. = 104487 + 1.1 = 20.2 psec 


The duty cyele is defined by the ratio of the on time ¢, to the period 7, or 


Since the on to orr time, the so-called “mark-space ratio,” is approximately 
unity, the output is almost a symmetrical square wave. Despite this high duty 
cycle the power dissipation of the transistor is not excessive, because when the 
current is high the transistor is in saturation and the saturation voltages are low, 
whereas when the output voltage is high the transistor currents are zero. 


b. From Eg. (16-11) 


V= Vee _ 10 
n+1 2 


=5V 


The collector voltage in Fig. 16-13a extends from Veco — V = 5 to Vee + Vy = 
16 V. The base voltage in Fig. 16-13b extends from +5 to —6 V. The emitter 
current is constant, and from Eq. (16-13) 


The base current is a maximum at ¢ = 0, and from Eq. (16-19) 


nVeo 10 


ip (t = 0) = (n + 1)?R = (4)(0.5) z 


5mA 


The collector current is a maximum at t = tp = nL/R, and from Eq. (16-18) 


‘ Vee n? ty Veco n? n nVcc 
t=t,) = — 8 (242) =-—* (4-)-— =. 
tae) we ( +2) te (E43) (n+1)R 
10 
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The peak magnetizing current is, from Eq. (16-25), 


These calculations are consistent with the fact that the peak magnetizing current 
equals the collector current at the end of the pulse. Also, since hrz >> 1 the base 
current at the end of the pulse is close to zero and hence the emitter current must 
be the negative of the collector current. Also note that the peak base current is 
of the same order of magnitude as the collector current. 


c. At the time ¢, + t, the capacitor is charged to a voltage Vy and the mag- 
netizing current is zero. The LC circuit then rings and in one-quarter of a cycle 
(in time f.) the capacitive energy is transformed to magnetic energy. Since 


BLIn? = 3CV,? 
then 


90 X 10-2 
1a = taal = 00 TE oso mn 
Oo ige 


The current tm goes below zero (reverses) by the amount J, as indicated in Fig. 
16-13c. Hence, at the initiation of the next pulse the magnetizing current is not 
zero and the values for the times calculated above must be modified. Since Im 
is only about 8 percent of 7, this is a minor complication. Experimentally 
obtained values agree with those calculated above to within about 5 percent. 


et ee 
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If we are interested in a lower duty cycle (a pulse rather than a square- 
wave output), then we must increase t, relative tot,. Since from Eqs. (16-21) 
and (16-27) 


z= (nt 


<= (16-29) 
then the duty cycle will be a minimum if we use for D a single p-n germanium 
diode, for which V, ~ 0.1 V. Then with Vcc = 20 V and n = 1 a duty 
cycle of about (2)(0.1)/20 = $s is possible. However, operation with such 
a low mark-space ratio is none too stable because V, varies with diode replace- 
ment and also changes with temperature (about ~2 mV/°C). On the other 
hand, high-duty-cycle operation obtained with a temperature-compensated 
Zener diode is very stable. It is also possible to obtain a high-duty-cycle 
blocking oscillator without using an avalanche diode, by placing a germanium 
diode in series with a tertiary winding across the supply voltage (Prob. 16-14). 


16-6 AN ASTABLE TRANSISTOR BLOCKING OSCILLATOR 
(RC-CONTROLLED) 


Another form of astable blocking oscillator may be obtained by adding an RC; 
network either in the emitter circuit of a monostable blocking oscillator, as 
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indicated in Fig. 16-14a, or in the base circuit, as in Fig. 16-14b. These 
circuits differ from that of Fig. 16-4 not only in the addition of RiC, but also 
in the reversal of the polarity of Vax. Qualitatively the operation of the cir- 
cuit of Fig. 16-14a is as follows. Assume initially, as in Fig. 16-15a, that 
there is a voltage v; on C, larger than Vez — V,, where V, is the cutin base-to- 
emitter voltage. Hence, the transistor is orr and C, discharges exponentially 
toward ground with a time constant R,C;. When 0; reaches Vas — V, the 
base starts to draw current, as does the collector, and the regenerative action 
discussed in connection with the monostable circuit begins. The collector 
(Fig. 16-15b) and base waveforms generated are similar to those in Fig. 16-5. 
During the pulse duration fp, the capacitor C, is recharged and attains a voltage 
V;, which is larger than the value it had at the beginning of the pulse (Fig. 
16-15a). The transistor now remains or¥ for a time ¢;, during which C, dis- 
charges to the voltage at which Q again enters its active region. At this point 
the cycle repeats itself. From Fig. 16-15a we find 

ty = RC, In Get, (16-30) 
The period of the free-running oscillations is T = ty) + ty. 

The value of V, and t, may be found from the equivalent circuit of 
Fig. 16-46, to which are added Vgs, R1, and C,. After considerable algebraic 
manipulation, but without involving any new principles, we obtain, (Prob. 
16-16), if hrg >> 1, Ri > R, and neglecting Veg(sat) and Veg(sat), 


2 
n n 
= etl RC, = 1 


tp 
L sR Rr 


(16-31) 


Von = (6) 


Fig. 16-14. Astable-blocking-oscillator circuits with (a) A.C, in 
the emitter and (b) RC, in the base. In (6) the capacitor C; 
may be connected directly across R;. 
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(a) 


Uc 


Voc (5) 


0 t 
Fig. 16-15 (a) The waveform across the 2,C, combination of Fig. 16-14a; 
(b) the collector waveform [V = (Vcc — Vas)/(n + 1)]. 


Unfortunately this is a transcendental equation in f,. If all parameter values 
are given we can find ¢, graphically. If a desired value of ¢, is specified, 
however, we can solve directly for the required inductance L to give this tp. 
Very often tp/RC, < 1, and then by retaining only the first two terms in the 
power-series expansion of the exponential, Eq. (16-31) can be solved explicitly 
for t, and yields 

tp nL n ni? 

L (1 + we) eo ot (16-32) 
Note that the pulse duration depends upon C, in addition to all the other 
parameters which determined é, in the monostable case. For very large C,, 
Eq. (16-32) reduces to Eq. (16-21). 

The peak capacitor voltage V; is obtained from the same analysis which 

gives ¢, and is found to be given by 


(n + 1)Vi = nVeo + Ves — n(Veco — Vaep)emte! RO (16-33) 


Using this value of V; in Eq. (16-30) the value of t; may be calculated. 

The interval ¢, is terminated when the voltage v; falls to the point where 
the transistor comes out of cutoff. At this time a succeeding pulse is generated. 
When the rate at which 9, falls is very slow, the blocking-oscillator pulse is 
preceded by a number of cycles of oscillation of amplitude small in comparison 
with the pulse, as is shown in Fig. 16-16. A qualitative explanation of this 
phenomenon follows. As the transistor comes gradually out of cutoff the 
loop gain of the circuit increases from zero. This gain variation is to be 
expected in view of Eq. (1-10), which indicates that at zero emitter current 
the transconductance g,, is zero and that g, increases with increasing current. 
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Ve 

Fig. 16-16 f{ilustrating the oscilla- 
tions which precede the collector 
pulse when the transistor comes out 
of cutoff very gradually. 


When the loop gain becomes larger than unity the circuit will begin to oscil- 
late, the amplitude of the oscillations being limited by the nonlinearity of the 
transistor in the neighborhood of cutoff. We may note, say, in connection 
with Fig. 16-la, that if the transformer capacitance is included, the circuit 
of the blocking oscillator is precisely the same in form as a tuned-plate oscil- 
lator. As a matter of fact, the only essential difference between the tuned 
oscillator and the blocking oscillator is in the tightness of coupling between the 
transformer windings. 

As the transistor moves further into the active region, the loop gain 
increases and the amplitude of the oscillation increases correspondingly. 
Finally, the decrease of v; as well as the increasing oscillation itself will, dur- 
ing some particular cycle, carry the transistor to an operating point where 
the loop gain becomes very large. During this cycle the amplitude will grow 
so large that it will be limited only when the transistor is driven to saturation. 
This distorted cycle constitutes the blocking-oscillator pulse. If the voltage v1 
falls rapidly, the transistor will be carried rapidly through the low-loop-gain 
region and no time will be available for the generation of small-amplitude 
oscillations before the main pulse. 

The oscillations preceding the pulse ordinarily appear when we try to 
adjust the astable-blocking-oscillator circuit to operate with a very low duty 
cycle, say with ¢;/tp greater than about 200. For it is precisely in this case 
that we must adjust the R,C, time constant (Fig. 16-14) to be long, and 
consequently v, will fall very slowly. This low-duty-cycle circuit will also 
suffer from instability in that there may be erratic fluctuation in the interval ty. 
This instability results from the fact that from cycle to cycle there may be 
small variations in the precise voltage v; at which the loop gain becomes large 
enough to generate the pulse. Since the approach to this critical point is very 
slow, a small change in 2 will produce a large change in fy. 

The circuit of Fig. 16-14b behaves similarly to that of Fig. 16-14a. How- 
ever, the analytical expressions for ¢, and V, for Fig. 16-14b are even more 
formidable than those given for Fig. 16-14a. 

A comparison of the diode-controlled blocking oscillator with the resist- 
ance-capacitance-controlled circuit follows. The advantages of the diode 
circuit are: (1) Voltage waveforms are better, since the overshoots at the 
end of the pulse are missing. Compare Figs. 16-13a and 16-15b. (2) The 
design equations are simpler, and hence it is easier to synthesize a circuit to 
meet definite specifications. (3) There is much less possibility of the behavior 
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described: above (Fig. 16-16) for the circuits of Fig. 16-14. The advan- 
tages of the R,C; circuit are: (1) Low-duty-cycle operation, t,/ty ~ ato, is 
possible. For the diode circuit, stable operation below t,/ty ~ sy cannot be 
achieved. [See the discussion given below Eq. (16-29).] (2) The frequency 
of oscillation can be varied simply and continuously by varying A, or Ci. 
For the diode circuit, for a given pulse width i,, we can change t; only by chang- 
ing the diode V, or the supply voltage Vcc. (3) Since the timing does not 
depend upon a diode it is quite stable with temperature changes, provided 
that Vex > V, (of the transistor) and the passive elements Ri, Ci, etc., are 
independent of temperature. 


16-7 VACUUM-TUBE BLOCKING OSCILLATORS® 


The circuit configurations for a vacuum-tube blocking oscillator are identical 
with those using a transistor. For example, Fig. 16-7 for the monostable 
mode and Figs. 16-11 and 16-14 for astable operation may be constructed 
with a tube replacing the transistor. The qualitative operation of these tube 
circuits is very similar to that of their transistor counterparts. For example, 
the plate (grid) waveform has the shape of the collector (base) waveform of Fig. 
16-11 for a diode-controlled blocking oscillator or of Fig. 16-15 for an R,C\-con- 
trolled blocking oscillator. 

Quantitatively, the calculations for a tube circuit are much more involved 
than for a transistor circuit. The transistor is a much better switch than 
is the tube. When the former goes into saturation the collector and base 
voltages are so low that very little error is made if they are neglected. How- 
ever, when a pulse is generated in a tube circuit, the plate and grid voltages 
are not negligible but rather turn out in a typical case to be about half the 
supply voltage in magnitude. Because of the regeneration, the tube is driven 
into the highly nonlinear positive-grid region of the voltage-ampere character- 
istics, where analysis is extremely difficult. We shall now indicate how to 
estimate the pulse amplitude and width for the circuit of Fig. 16-17a, which 
corresponds to Fig. 16-146 with R = O and Ry = &. 

Assume that initially the voltage v, across C; is negative enough so that 
the tube is at cutoff. Then v, increases toward Vgg, and when »; reaches the 
cutin grid-to-cathode voltage V, the tube starts conducting. Because of the 
regenerative connection the currents rise rapidly. Because of the short rise 
time the voltage across C, cannot change, and v1 remains equal to V,. If 
Vp and Vg are the plate and grid voltages, respectively, when the pulse has 
reached its full amplitude, then Vpp — Vp = V is the change in plate voltage 
and Vg — V, is the change in grid voltage. If there are n times as many 
turns in the grid winding as in the plate winding, then, from Fig. 16-178, 


Ve as Vy =nV = n(V pe _ Vp) (16-34) 


For each value of Vg given on the plate characteristics of the tube, the value 
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of Vp is calculated from Eq. (16-34) and the locus of corresponding values of 
Vq and Vp is plotted on the plate characteristics. 

Let Ip and Ig be the peak plate and grid currents, respectively. Equating 
ampere-turns in the primary to those in the secondary gives (since the trans- 
former currents are zero at the beginning of the pulse) 


Ip = nlg (16-35) 


For each value of Vg given on the plate characteristics, the value of Vp may 
be found (by trial and error) such that Eq. (16-35) is satisfied. The locus 
of the corresponding values of Ip and V> is plotted. Then the intersection 
of the two curves which have been constructed in accordance with Eqs. 
(16-34) and (16-35) gives the value of Vp, Ve, and Jp corresponding to the 
peak of the pulse. The peak grid current is Jg = Ip/n. 

The above-outlined construction has been carried out in Fig. 16-18 for one 
section of a 6CG7 tube with Vpp = 140 V and a 1:1 transformer. Since 
n = 1, Eq. (16-35) is satisfied at that value of Vp where the plate-current 
curve for a given value of Vg intersects the grid-current curve for the same Vg. 
The result is 


Vp = 57V Ve =75V Ip = [Ig = 0.25 A 


and hence the cathode current is 0.5 A. Oxide-coated cathodes such as are 
found in receiving-type tubes are capable of furnishing pulsed currents even 
up to some amperes. Of course, however, the average tube current must be 
kept within the rating, which for a 6CG7 is about 5or10 mA. Experimentally 
the following values were measured: 


Vp = 50 V Ve =75V Ip = Ig = 0.25 A 


(a) (0) 


Fig. 16-17 (a) A free-running tube blocking oscillator; (b) the equivalent circuit 
during the pulse for C, extremely large. At the beginning of the pulse v¢ = Va, 
vp = Vp, 0, = Vy, im = 0, te = Ia, and tp = Ip. 
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Plate or grid current, A 


100 150 200 250 Vp 
Plate voltage, V 


Fig. 16-18 Positive-grid characteristics for a 6CG7 tube. _Illus- 
trating the construction for obtaining the currents and voltages 
at the peak of the pulse. 


At the beginning of the pulse the loop gain is greater than unity and 
regeneration takes place, driving the grid highly positive. This regenerative 
action continues until limited by the tube nonlinearities, as depicted in Fig. 
16-18, so that the loop gain drops to unity, and finally at the top of the pulse 
the loop gain is less than unity. The plate and grid voltages cannot remain 
constant at the values calculated above because of the finite size of C, and L. 
During the pulse, the grid current charges C, and makes the grid voltage less 
positive and causes the plate voltage to increase. Also, we saw in Sec. 3-7 
that a tilt appears at the output of a pulse transformer because of the finite 
value of ZL when the transformer input is constant. Since the loop gain is 
less than unity, then the changes in plate and grid voltages due to C, and L 
occur relatively slowly until the circuit drifts back to the point where the loop 
gain once again equals unity. Then a regenerative action occurs in the direc- 
tion to turn the tube off, and the pulse terminates. 

From Fig. 16-176 

V = Loe = Vep — Ve 
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If we assume V>p is approximately constant over the pulse duration, we can 
integrate the above equation and obtain 


LIn 


aa re 


(16-36) 


where J,, is the magnetizing current at the end of the pulse. From Fig. 16-17) 
im = ip — nig, and hence we must find the plate and grid currents at the end 
of the pulse—a difficult task. Let us assume that C, is so large that the 
voltage across it remains constant at V, during the pulse. Then the operating 
point moves along the curve marked “Eq. (16-34)” in Fig. 16-18 in the direc- 
tion of increasing loop gain A. When a point is reached for which A = 1 
the pulse ends. However, such a point can only be estimated crudely from 
the very nonlinear curves of Fig. 16-18. Whereas in principle Eq. (16-36) 
gives f,, in practice it is obtained experimentally much more readily, par- 
ticularly since positive-grid characteristics such as those of Fig. 16-18 are 
seldom supplied by the manufacturer. Recall how much simpler the calcula- 
tion of tp is for a transistor blocking oscillator, where the termination of the 
pulse is given by the simple condition i¢ = hrgiz. 

A resistor R may be placed in the cathode of the tube in Fig. 16-17 cor- 
responding to the emitter resistor 2 in the transistor blocking oscillator. 
The following effects of the addition of R are found experimentally. Increas- 
ing R reduces the operating currents and the pulse amplitude but leaves the 
waveshapes essentially unchanged. The rise time is increased somewhat but 
may be brought back to the value obtained with R = Oif Ris bypassed with a 
capacitor. The pulse width is very insensitive to the value of 2, but the time 
between pulses decreases with increasing R. The addition of R stabilizes 
the width t, against filament-voltage changes, tube changes, etc. An excellent 
pulse waveform without ringing is obtained across FR. 


16-8 APPLICATIONS OF BLOCKING OSCILLATORS 


Among the most important applications of the blocking oscillator are the 
following: 


1. The astable circuit is used as a master oscillator to supply triggers 
for synchronizing a system of pulse-type waveforms—square waves, sweep 
voltages, etc. 

2. The monostable circuit is used to obtain abrupt pulses from a slowly 
varying input triggering voltage. 

3. Either form of blocking oscillator is capable of generating a pulse 
of large peak power. For example, it is possible to obtain 0.5 A at 100 V or 
50 W from a receiving-type tube. Of course, the average power is small since 
the duty cycle is low. 
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4. Using a tertiary winding, output pulses of either polarity may be 
obtained depending upon which end of the winding is grounded. Also the 
output winding may be isolated from ground where required. 

5. The use of the blocking oscillator as a frequency divider or counter is 
discussed in Chap. 19. 

°6. The blocking oscillator as a low-impedance switch used to discharge 
a capacitor quickly is considered in Sec. 18-14. 

7. The blocking-oscillator output may be used as a gating waveform 
with a very small mark-space ratio. For example, in some television receivers 
the voltage across C’, is used as the gating waveform for the vertical sweep- 
voltage generator. 


16-9 THE MULTIAR? 


If a diode is used as a series switching element in the feedback loop of a 
regenerative circuit, the resulting circuit makes an excellent comparator. A 
circuit of this type; known as a mulitar, is indicated in Fig. 16-19. The feed- 
back loop consists of a diode-resistor network (D and R), a cathode follower 
V, and a pulse transformer in cascade. The difference between the input 
waveform v; and the reference voltage Vz controls the gain of the network D-R. 
The main function of the tube V is to provide cathode-follower transmission 
from the output of the D-R network to the transformer. The plate-load 
resistor 2, is not essential but is convenient if an output gate-type waveform 
is required. The pulse-transformer windings must be connected into the 
circuit with the polarities as shown in order to have regeneration similar to 
that in a blocking oscillator. Since the combined maximum gain of the D-R 
network and the cathode follower is always less than unity, there must be a 


Fig. 16-19 A multiar circuit for negative-going input signals. The total shunting 
capacitance at the grid is C;,. 
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voltage step-up in the transformer in completing the loop from the cathode of V 
back to the diode. Hence, the number of turns in the secondary winding 
must exceed the number in the primary winding—a ratio of 1.5 or 2 is usually 
sufficient. 

We shall assume that the input is a negative-going ramp voltage. Ini- 
tially, the grid of V is clamped to the cathode and the tube is conducting 
heavily. The diode D is nonconducting and hence the quiescent voltage 
across C is Vr. The network D-R has zero transmission until the input 
waveform drops sufficiently to bring the diode D into its break region. At 
some point of this region the gain of the circuit consisting of the source imped- 
ance, the diode, and the resistance R becomes sufficiently high to cause an 
overall loop gain of unity. Regeneration will take place and the grid of V will 
drop sharply. The waveforms in the circuit are indicated in Fig. 16-20, where 
we see that a negative pulse is generated at the cathode (or in a tertiary trans- 
former winding, not indicated) and a gate waveform at the plate. 


The Waveforms We shall now give a detailed explanation of the wave- 
shapes. Initially the rapid fall of cathode and grid voltages results from regen- 
erative action. When tube V reaches cutoff, regeneration ceases. Asa result, 
however, of the abrupt turn-off of tube current, the circuit in the cathode of V 
rings (Sec. 2-11). If the primary inductor is critically damped by the resistor 
R.,, then the cathode voltage of V executes a single oscillation without a back- 


Input (a) 
Grid (b) 
Plate (c) 


Cathode | (d) 


Fig. 16-20 Waveforms in the circuit of Fig. 16-19 at 
(a) input, (6) grid, (c) plate, and (d) cathode of V. 
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Fig. 16-21 Equivalent circuit at the grid of 
the triode V shortly after regeneration 
begins. 


swing. In this manner the pulse waveform indicated in Fig. 16-20d is formed. 
During the rapid drop of cathode voltage the polarity of voltage induced in 
the secondary winding is in a direction to cause diode D to conduct. Hence 
the charging current for the capacitor C, is supplied by the secondary winding 
of the transformer, and the grid voltage drops abruptly. After the trailing 
edge of the cathode pulse in Fig. 16-20, the diode becomes back-biased. The 
grid of V is therefore isolated from the transformer secondary winding, and 
hence the grid voltage must change relatively slowly. 

- After the diode becomes back-biased, the equivalent circuit for computing 
the rise of the grid voltage of V is indicated in Fig. 16-21. If C > C,, we may 
assume that the voltage across C remains constant at Ve during the interval 
while C, is charging. Hence, the voltage at G rises toward VppR/(R + R,) 
with a time constant C,RR,(R + R,). When the voltage at @ rises to a 
value V’ (Fig. 16-206), at which the rising grid voltage meets the falling input 
voltage v; — Vz, then the diode conducts again. Once the diode begins to 
conduct, we may neglect the presence of the small capacitance C,. We shall 
assume tentatively that V’ is below the cutoff voltage V, of the tube. Hence 
the grid continues to follow the incoming negative-going voltage to the end 
of the ramp, as indicated in Fig. 16-200. 

The requirement that the grid voltage remain below cutoff to the end 
of the ramp places a restriction on the time constant R,C. Thus, if we neglect 
the cutoff voltage V,, compared with Vpp, the current in R, must be at least 
Vepr/R,. If the magnitude of the current through C is smaller than the current 
in A,, then there must be some grid current. Hence, to keep the grid below 
cutoff, we require that C|dv,/dt| >. Vpp/R,, or 


CR, > wae (16-37) 
where a is the absolute value of the slope of the sweep voltage. For slow 
sweeps, it may be desirable to return R, to a voltage lower than the plate- 
supply voltage Vpp. 

When V comes out of cutoff at some time during the rise toward its initial 
level, the cathode of V rises with the grid voltage. Since the transformer 
step-up ratio is larger than unity, the voltage at the cathode of the diode rises 


more rapidly than the grid voltage. As a result the diode is driven into the 
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back-biased condition. Therefore, the feedback loop is opened and there is no 
regeneration as the tube is brought into conduction. The plate voltage of V 
falls to its clamped value relatively slowly. The duration of this fall equals 
the time it takes the grid voltage to pass through the grid base of the amplifier, 
as indicated in Fig. 16-20c. A positive pulse of this same duration is formed 
at the cathode because the transformer voltage is proportional to the rate of 
change of current. Since there is no regeneration at the end of the sweep, 
and since the tube V passes slowly through its grid base, the positive pulse 
has a smaller amplitude and a longer duration than the negative pulse. 

The negative pulse (formed during the falling portion of the input voltage) 
is timed with a stability which depends primarily on the D-R combination. 
The stability of this network is affected principally by changes in the filament 
supply if D is a thermionic diode or by changes in temperature if D is a semi- 
conductor diode. Changes in the gain of the cathode follower V affect the 
stability of the negative pulse only slightly if the break region of the D-F net- 
work is sharp. 

The voltage at the plate of D must return to its steady-state value before 
each comparison. This condition places a restriction upon the product RC, 
because after the grid of V has returned to zero the plate of D will approach Ve 
with this time constant RC. Hence, the value of RC must be small compared 
with the interval between the instant the cathode follower cuts in and the 
comparison point in the next cycle. 


Multiple Oscillations We have made the assumption that after the first 
negative grid pulse, the grid voltage rises to meet the input voltage v,; at a 
value V’ which is more negative than the cutoff value V, (Fig. 16-200). If 
this restriction is not satisfied, then the circuit may execute several oscillations 
before the tube is finally driven below cutoff. This situation is pictured in 
Fig. 16-22. For times smaller than ¢,, the waveforms are identical with those 
in Fig. 16-20. Between times ¢, and ¢, the grid of V is above cutoff and the 
amplifier current increases from zero. Hence, the plate voltage falls, as in 
Fig. 16-22c, and the cathode voltage increases with the rate of change of cur- 
rent, as shown in Fig. 16-22d. At time t, the input voltage equals the grid 
voltage V’, the diode D conducts, and regeneration again takes place. Since 
at this instant of time the current in V is less than the clamped current, the 
resultant drops in the plate, cathode, and grid voltages are less than the cor- 
responding values at ¢,. The grid voltage now rises again, reaching cutin at 
t; and becoming equal to the input voltage V” at t,. Between ts and t, there 
is a dip in plate voltage and another oscillation takes place at the cathode, as 
shown in Fig. 16-22d. It is possible for a large number of oscillations to be 
generated in this manner (with successively smaller amplitudes) until finally 
the grid voltage rises to the input voltage V’’, which is below the cutoff 
voltage V, in Fig. 16-220. 

In order to minimize the possibility of generating several oscillations 
of the type discussed above, one or more of the following conditions should be 
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Input (2) 
Grid () 
Plate (c) 
Cathode (d) 


Fig. 16-22 The waveforms in the multiar circuit under the 
conditions where oscillations take place. 


satisfied: a tube V with a small grid base should be used; the top of R, should 
be tied to a voltage smaller than V pp; also, the value of C, should be increased 
by adding external capacitance between the grid of V and ground. However, 
this additional capacitance will result in a smaller output pulse and a slower 
rise time of plate waveform. 

In the above discussion we have assumed that the transformer was 
critically damped. If the resistor R., which shunts the transformer in Fig. 
16-19 is removed so that ringing occurs, then multiple oscillations may also 
result. Instead of putting a shunting resistor across the transformer, a damper 
diode may be used to prevent the undesired oscillations. 


General Considerations A solid-state version of the multiar is obtained 
by using a junction diode for D and an n-p-n transistor for V. Ina transistor 
circuit the transistor should be biased in its active region. Otherwise, if it 
were initially in saturation, there would be a delay in the response of the 
multiar due to minority-carrier storage (Chap. 20). The tube multiar is not 
useful for positive-going signals because multiple oscillations are obtained. 
However, a multiar constructed with a p-n-p transistor can be used if the input 
is a positive-going signal. 

The temperature-compensation techniques of Sec. 7-10 may be used to 
ensure that the comparator voltage will be highly stable with changes in 
temperature. 
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If it is desired that the input signal waveform be capacitively coupled 
to the multiar, then a d-c restorer may be used at the input terminals. The 
restorer-diode uncertainties must now be taken into consideration in a pre- 
cision circuit. 

If a gate voltage is not desired, the transformer primary can be moved 
to the plate (collector) circuit. The circuit then closely resembles a blocking 
oscillator, except that the grid (base) cannot be driven highly positive because 
of the diode. 

We may use the same input ramp voltage for several multiar comparator 
circuits since there is small loading of the input by this comparator if FR is 
large. In radar ranging the multiar is used to obtain many ranges from a single 
master ramp circuit; hence the name multi-r (r for range). 
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| ] SAMPLING 
GATES 


An ideal sampling gate is a transmission circuit in which the output 
is an exact reproduction of an input waveform during a selected time 
interval and is zero otherwise. The time interval for transmission is 
selected by an externally impressed signal which is called the gating 
signal and is usually rectangular in waveshape. These gates are also 
referred to as transmission gates or as time-selection circuits. In many 
applications, a less than ideal gate is entirely acceptable. It may be, 
for example, that the input signal consists essentially of a unidirectional 
pulse. In such a case a gate will be required to respond to an input 
signal of only one polarity. In other applications, on the other hand, 
a gate is required which will handle signal-input excursions of both 
polarities. In the present chapter we discuss both unidirectional and 
bidirectional gates. 

Sampling gates are distinct from the logic gates discussed in Chap. 
9. A logic gate has to provide at the output a pulse or no pulse (or, 
alternatively, one voltage level or another), depending on the pulses 
(or voltages) present at the many gate inputs. A sampling gate ordi- 
narily (but not always) has one signal input, and during the selected 
_ time interval, the output must reproduce faithfully the input wave- 
form, be it a pulse, a sinusoid, or any other waveform. Hence, a 
sampling gate is also referred to as a linear gate. 


17-1 BASIC OPERATING PRINCIPLE OF GATES 


The basic principle of a linear gate is illustrated in Fig. 17-1a and b. 
In Fig. 17-1a, switch S is normally open and is closed during the desired 
transmission interval. In Fig. 17-1b, switch S is normally closed and 


627 


628 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS 7 Sec. 17-2 


Switches operated 
ye by gating signal 


Fig. 17-1 Illustrating the 
principle of a linear gate 
(a) using a series switch, 
(b) using a shunt switch. 


(a) (b) 


is opened only during the desired transmission interval. In practice, the 
switches will be replaced by diodes or triodes (semiconductor or thermionic) 
or by multigrid tubes which will be biased in the conducting or nonconducting 
direction as required. Ideally, the switches should have zero resistance when 
closed and infinite resistance when open, but, of course, in practice such will 
not be the case. When thermionic devices are used as the switches, the circuit 
of Fig. 17-la is usually favored over the circuit of Fig. 17-1b. The reason 
for this preference is that in the nonconducting direction a thermionic device 
may be counted on to have a nominally infinite resistance. Hence, in Fig. 
17-1a when S is open, the output will be zero as required. In Fig. 17-1b the 
output should be zero when S is closed. Since, however, the conducting or 
forward resistance R.w of the switch will range from several hundred to several 
thousand ohms, it will be necessary that F be quite large; that is, it is required 
that R >> R,, in order for the shunting effect of the switch to be effective. 
Even in this latter case a small residual output will continue to persist. Also, 
during the transmission interval, the input and output will be separated by the 
large resistance R. If there then is some stray capacitance shunting the out- 
put, it will not be possible to transmit fast waveforms without deterioration 
of the waveform. The disadvantages of the circuit of Fig. 17-la over the 
circuit of Fig. 17-1b are the following: (1) The inevitable stray capacitance 
across the switch will permit some signal transmission even when the switch 
is open; and (2) since the signal is transmitted through S there will be some 
attenuation and distortion introduced by the nonlinearity of the device used 
for the switch. 

Semiconductor devices do not have infinite back resistances, and their 
forward resistance may lie in the range of only several ohms. When such 
devices are used there is no generally apparent advantage in either the series 
or shunt switch position, and the decision with respect to the circuit of choice 
must depend on the particular application. 


17-2 UNIDIRECTIONAL DIODE GATE 


The gate of Fig. 17-2 is suitable for a positive-going input signal. The gate 
signal (also called a control pulse, a selector pulse, or an enabling pulse) is a 
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Fig. 17-2. Unidirectional 
diode gate. 


rectangular waveform which makes abrupt transitions between the negative 
levels —V,; and —V,. When the gate voltage is — V1, the diode is heavily 
back-biased and there will be no response at the output to an input signal 
unless the peak amplitude of the input signal is larger than the magnitude 
of the back-biasing voltage. (Actually, because of the capacitive coupling, 
the signal-input voltage will appear at point A with an average value — VY. 
Hence the peak positive excursion of the signal at A, with respect to —V,, 
will be smaller than the peak-to-peak voltage of the waveform at the input. 
For simplicity, we shall neglect. this feature and consider simply that the input 
signal consists, say, of a very-low-duty-cycle pulse train, in which case this 
effect would be negligible. We assume also, in the present discussion, that the 
diode is ideal, with V, = 0.) When the gate rises to its higher level — V2, a 
time-coincident signal-input pulse may be transmitted to the output. The 
effect on the output of the level (—V.) attained by the gate waveform is 
illustrated in Fig. 17-3. In Fig. 17-84, —V2 = —5 V, and for a 10-V input 
pulse a 5-V output pulse appears. Operation in this manner is often advan- 
tageous when the base line of the input signal has some noise signal superim- 
posed. The level — V2 may be adjusted so that only that part of the signal 
above the noise threshold appears at the output. . When used in this manner, 
the circuit is referred to as a threshold gate. In Fig. 17-3b, —V2 =~ 0 and the 
entire input pulse is transmitted to the output, whereas in Fig. 17-3c, —V. is 
positive and the signal appears superimposed on a 5-V pedestal. : 


Fig. 17-3 Illustrating the effect of control voltage (— V2) on gate output. 
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Fig. 17-4 Illustrating the distortion of the 
effective control waveform at A in Fig. 17-2. 


The waveforms of Fig. 17-3 are unrealistic in that they have neglected 
the fact that the RiC, network constitutes an integrating network for the 
gate waveform. Hence, the gate voltage will not appear abruptly at A as 
required, but rather will rise exponentially with a time constant B.C, and 
fall at a similar rate. Hence, this type of gate is not particularly suitable 
for selecting a portion of a continuous waveform. If, however, the signal 
is a pulse whose duration is reasonably smaller than the gate width, the result 
may be entirely satisfactory, as shown in Fig. 17-4. 

The advantages of this gate are the following: (1) Itis extremely simple. 
(2) There is very little time delay through the gate since the input is coupled 
directly to the output through C, and the diode. (3) The gate draws no 
current in its quiescent condition (i.e., no “stand-by” current). This feature 
becomes very important in a system requiring many gates. In this respect, 
also, the present gate should be compared with the aNp gate of Sec. 9-4, which 
will accomplish the same general result as the present gate but which does 
draw stand-by current. (4) As is shown in Sec. 17-3, this gate is easily 
extended into a multi-input or circuit with an INHIBITOR or NOT termina). 

The disadvantages of the gate are the following: (1) There will be inter- 
action between the signal source and control-voltage source. (2) The gate 
is of limited use because of the slow rise of the control voltage at the diode. 
The rise time of the control voltage at A may be improved by reducing Ri 
but only at the expense of increasing the coupling between signal and gate. 
If an attempt is made to improve the time constant by reducing C;, other 
complications ensue. For example, suppose a gate time constant of 0.2 usec 


Fig. 17-5 The unidirectional 
diode gate adapted for more 
than one signal input. 


i i ea Giar ilid 
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is required and that values of R, less than 10 K permit too much of the control 
signal to couple back to the signal input. Then for R, = 10 K, C, = 20 pF. 
Now suppose that the output capacitance C, shunted across the output ter- 
minals is C, = 10 pF. Then the gate will attenuate fast signals, allowing only 
two-thirds of the signal to pass through. 

The rise-time difficulties of the control pulse may be eliminated by 
replacing the capacitor C, by a resistor R2. A first disadvantage of such an 
arrangement is that any signal will now be attenuated. For example, if 
FR. = R:, the amplification will be # (assuming that Rz >> FR). Additionally, 
in such a case, d-c coupling of the signal will be required, and such coupling 
may not be feasible. 


17-3 OTHER FORMS OF THE UNIDIRECTIONAL DIODE GATE 


The unidirectional diode gate may be adapted to accept more than one signal 
input, as in Fig. 17-5. Here two signal inputs vs; and vge are indicated, but, of 
course, more than two may be used. When the control signal is at its higher 

level (say zero voltage), the circuit is recognized as a capacitively coupled or 
' gate (Sec. 9-3). When the control voltage is at its lower level, the gate transmits 
no inputs. Hence, the negative level of the control pulse may be considered 
an inhibitor signal. Here, then, is a multi-input or circuit with an INHIBITOR 
terminal. 

A difficulty associated with the arrangement of Fig. 17-5 is that the 
loading on the control input becomes increasingly heavy as the number of 
inputs increases. This difficulty may be corrected through the use of one 
additional diode, as indicated in Fig. 17-6. In this latter circuit the control- 
input voltage does not feed into the signal sources. In neither case, however, 
is there any stand-by current. 

It is possible to arrange the diode gate so that it will transmit a signal 
only as the result of the simultaneous occurrence of a number of gate voltages. 


Fig. 17-6 A two-input gate in 
which the signal sources do not 
load the control signal. 
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Vyy 


Fig. 17-7. A unidirectional gate 
which delivers an output pulse only 
at a coincidence of a number of 
control voltages. 


Such a circuit is shown in Fig. 17-7. Suppose that the control-signal levels 
are ~V,and —Vz. Then when any one of the control signals v¢ is at — V1, 
point A is negative with respect to ground by an amount, say, V’, and no part 
of the waveform is transmitted unless the input signal is larger than V’. 
When all control voltages are at — V2, the back bias on diode D0 is removed, 
and the signal is sampled. It will be recognized that this circuit, except for 
the signal-input connection and capacitor, is an AND circuit (Sec. 9-4). This 
circuit differs from the gates previously described in that it draws a quiescent 
current from the Vyy supply, although this current may be kept low. 

A threshold gate which may be sampled by any one of a number of 
control signals'(an or circuit) is given in Prob. 17-5. 

All the forms of the unidirectional diode gate considered up to the present 
have a common feature which may, on some occasions, constitute a disad- 
vantage. In Fig. 17-3 it appears that unless the upper level of the gating 
waveform is exactly zero, then either a portion of the input signal will not get 
through the gate or else the transmitted signal will be superimposed on a 
pedestal. This situation may be corrected as in Fig. 17-8 by the use of an 
additional diode. Initially, in the absence of an enabling signal at the control 
terminals, diode D1 conducts and the consequent voltage drop across R keeps 


Fig. 17-8 A gate whose response is not 
sensitive to the upper level of the control 
voltage. 
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diode DO back-biased. A positive-going control gate causes D1 to cease 
conduction, and the signal is sampled for the duration of the control pulse. 
The signal must be d-c-coupled, but the gate may be either a-c-coupled, as 
indicated, or d-c-coupled. If a-c coupling is employed, then, of course, the 
time constant R,C must be large in comparison with the gate duration. 


17-4 BIDIRECTIONAL GATES USING TRANSISTORS OR TUBES 


All the above gates have the limitation that they pass only unidirectional 
signals. We shall defer consideration of diode bidirectional gates until we 
have examined first some simpler bidirectional gates which employ multi- 
element devices. 

Several examples of linear bidirectional sampling gates are shown in 
Fig. 17-9. In Fig. 17-9a the signal voltage vs and the control voltage v¢ 
are applied through summing resistors R, and R, to the base of a transistor or 


(2) 


(c) 7 


Fig. 17-9 Examples of bidirectional sampling gates. 
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the grid of a triode (or pentode). The gating voltage is again a pulse waveform 
between the levels V; and V2, with a duration ¢, equal to the required trans- 
mission-interval duration. When the control voltage is at its lower level 
V, the transistor or tube is biased well below cutoff. However, when the 
selector voltage is at its upper level V2, this bias brings the base or grid up 
out of cutoff and into the active region or grid base. So long as the gate 
persists, the transistor (or tube) will sample the signal voltage, which will then 
- appear amplified at the output. 

In the gating circuit of Fig. 17-9b separate bases are available for the 
signal and gating voltages. When the control voltage vc is at its upper level, 
the current through R, is large enough to raise the emitter voltage to the point 
where Q2 is cut off. When the gating signal is at its lower level, Q1 is cut off 
and Q2 is free to operate as an amplifier stage. During the sampling interval, 
when Q1 is cut off, the gating and signal sources are uncoupled from one 
another. During this interval, as well, the loading on the signal source is 
reduced, since the presence of an emitter resistor 2. increases the impedance 
seen looking into the base of Q2 [Eq. (1-50)]. Further, the signal may be 
applied directly to the base rather than through a resistor, and the loss of high- 
frequency response due to the capacitive component of the input impedance 
at the base is thereby avoided. An analogous vacuum-tube circuit operates 
in a similar manner. : 

In Fig. 17-9c is illustrated the use of a multigrid vacuum tube as a sampling 
gate. The signal is applied to the control grid. The gating pulse is applied 
to the suppressor. The levels V2 and Vj, respectively, are adequate to allow 
plate current during the sampling interval and to turn off the plate current 
otherwise. Pentodes suitable for this type of service have suppressor grids 
with rather more tightly spaced wires than are customarily found in ordinary 
pentodes. This suppressor construction allows the plate current to be turned 
on or off with a small gating signal. We have already seen an application 
of such a gating tube in connection with the suppressor-gate Miller sweep of 
Sec. 1412. The circuit of Fig. 17-9c has no analog in a single-transistor 
circuit. 


17-5 REDUCTION OF PEDESTAL IN A GATE CIRCUIT 


The gate circuits of Fig. 17-9 share a common feature which may on occasion 
constitute a disadvantage. Initially, the voltage level at the output is Vcc 
or Vpp. When the gating signal is applied, the transistor or tube draws 
current and the output therefore establishes itself at a new, lower quiescent 
level. When, now, the signal is applied, the output signal is superimposed 
on this new quiescent level. The appearance, typically, of the output during 
a gating interval is as shown in Fig. 17-10, where we see that the sampled 
portion of the signal is superimposed on a pedestal. 

The pedestal can be largely suppressed by the symmetrical arrangement 
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Uc 
Fig. 17-10 Illustrating the pedes- ae ae eee 


tal associated with the sampling 
gates of Fig. 17-9. 


Sampled output, v, 


shown in Fig. 17-11 or in an analogous tube circuit. Here the gating circuit 
employed is essentially that indicated in Fig. 17-9a, except that, for simplicity, 
the gating and signal voltages have been placed directly in series. The gating 
transistor is Q1, and Q2 is used to minimize the pedestal. Gating voltages 
of opposite polarity are applied to the transistor bases. During the nongating 
time, Q2 draws current and Q1 does not. The bias voltages ~—Vea: and 
—Ves2 and the gate-signal amplitude have been adjusted so that the two 
transistor currents are identical, and as a result the quiescent output voltage 
level will remain constant. 

If, as is usually the case, the gate waveform has a nonzero rise time, then 
the arrangement of Fig. 17-11 does not solve completely the problem of the 
pedestal, as may be seen from the following considerations. Let us assume, 
as in Fig. 17-12a, that the gate pulse is large in comparison with the active- 
region base-voltage range, so that each transistor, when it is not conducting, is 
biased far below cutoff. Then when the gate voltage appears, Q2 will be driven 
to cutoff before Q1 starts to conduct, whereas at the end of the gate, Q1 will 
be cut off before Q2 starts to conduct. Hence, as a result of the gate signals 
themselves, the output will appear as in Fig. 17-12. The gated signal voltage 
will appear superimposed on this waveform. If the gate-waveform rise time 
is small in comparison with the gate duration, these spikes may not be very 
objectionable. 


Fig. 17-11 A linear-gate 
circuit with provision to 
cancel the pedestal. 
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Cutoff for Q1 Gates) 


\—si«‘«é@Rig«z:«7=12 (a) Thee gaat-- 
ing waveforms of Fig. 
f----- 17-11 drawn with nonzero 
risetime. (6) Illustrating 
the spikes which may 
occur in the output circuit 
of Fig. 17-11 due to the 
gating waveforms. 


(a) 


Cutoff for Q2 


(b) 


For positive unidirectional signals, the circuit of Fig. 17-96 may be used 
without generating a pedestal if transistor Q2 is operated at cutoff. However, 
in order to be certain not to lose small signals, if may be necessary to adjust 
the bias so that a slight quiescent current exists. Such a bias will result in a 
small pedestal, which may be acceptable. Even though the transistor is 
operated near cutoff, the circuit will be quite linear because of the degeneration 
introduced by the large emitter resistor. Gain is sacrificed for linearity. To 
adapt this circuit for use with negative unidirectional signals we need but to 
replace the n-p-n transistors by p-n-p types. 


17-6 A BIDIRECTIONAL DIODE GATE! 


A bidirectional gate may be constructed with the use of diodes instead of 
transistors or multielement tubes. Such diode gates have advantages of 
linearity of operation and ease of adjustment to ensure zero pedestal. A 
bidirectional gate is shown in Fig. 17-13. We may observe that the gate 
consists essentially of two gates of the type shown in Fig. 17-2 with the modi- 
fication that C, is replaced by a resistor. The circuit is redrawn in the form 
of a bridge in Fig. 17-14. Two symmetrical gating voltages +c and —ve¢ 


Fig. 17-13 A bidirectional diode 
sampling gate. 
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Fig. 17-14 The circuit 
of Fig. 17-13 redrawn in 
the form of a bridge 
network. 


are now required. When the gating or control voltages ‘are at the levels V, 
and —Vn, respectively, the diodes are nonconducting and there is no trans- 
mission of the signal vg. When the control signals are at the levels V, and 
—V., then a sample of vg appears at the output. Provided that the diodes are 
identical in characteristics (the diodes need not be perfect), it follows from 
the complete symmetry of the circuit that no pedestal can appear at the out- 
put in response to the gating voltages. In the following discussion we shall 
compute some of the properties of this gating circuit. For simplicity, we 
shall neglect the impedance of the signal source. The equations given below 
are modified in Ref. 1 to take into account this signal-source impedance R,. 


Gain The gain of the gate is defined as the ratio v,/vgs during the trans- 
mission interval. The gain is easily calculated from the equivalent circuit 
of Fig. 17-15. This circuit is derived from that of Fig. 17-13 through the appli- 
cation of Thévenin’s theorem, where i, R3, and @ are defined as follows: 


RR; = R,+ R; ee a (17-1) 


Fig. 17-15 An equivalent circuit for the bidirectional gate of Fig. 17-14. 
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- Ry is the forward resistance and V, is the offset voltage. Note that the control 
voltages as well as the offset voltages give no resultant current through Rr. 
The open-circuit voltage from P to ground is avg and the Thévenin’s resistance 
is R3/2. Hence, the gain is given by 


R, __ Fe Ri 
Ri+ R:/2  Re+ Rk. Rt + R;/2 


Aza (17-2) 


The Control Voltage V. Suppose that the signal voltage attains a maxi- 
mum voltage V,. Then there is a minimum control voltage V, that is required 
to ensure that both diodes will continue to conduct. That there is such a 
minimum required value for V, may be seen from the following considerations. 
Initially, in the presence only of the gate voltages, the diodes D1 and D2 
conduct equal currents. The load current is zero and the pedestal is zero. 
Now assume, say, that vs is a positive-going signal. Then the current in D1. 
increases and the current in D2 decreases, the difference current flowing 
through R;. As vg continues to increase, eventually the current in D2 will 
become zero. 

To compute the required minimum V,, assume that diode D2 has just 
stopped conducting. Then the voltage across R; associated with D2 is zero. 
For the sake of simplifying the ensuing equations we shall make the reasonable 
assumption that V,< V, and shall set V, = 0. Hence, the output voltage 
must a the voltage aV, — (1 — a)V«, or 


BR, + Rk, te R, [eV. + (1 —a)V.] = aV, — (1 ~ a)V, (17-3) 
from which we find 
Re R; 
Ve. = BR, Ra + 2Rz. Vi. = (Ve) min (17-4) 


We note from Eq. (17-4) that (V-)min decreases with increasing R,. There is, 
however, an important consideration which limits the size of R,. Suppose 
we assume that a total stray capacitance C shunts the output terminals in 
Fig. 17-13 or 17-15. Suppose also that at the end of the gating interval the 
output is at some finite voltage level because of the signal vgs. Then, when the 
diodes cut off at the end of the gating interval, the output voltage must decay 
to zero with a time constant RC. This difficulty is of the same type described 
in Sec. 9-3 in connection with logic gates. 


The Control Voltage V, Just as there is a minimum control voltage 
(V.)min required to keep both diodes conducting over the full range of the 
input signal, so there is also a minimum control voltage (Va) min required to 
ensure that both diodes are back-biased when no sampling is to take place. 
If the diodes are reverse-biased, then point P in Fig. 17-15 is at ground poten- 
tial. Hence, the voltage across D1 is aV, — (1 — a)Vn, where V, is the mag- 
nitude of the voltage for the lower level of ve. Since the voltage across D1 
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must be negative or, at a minimum, zero 


aV, Re : 
(Vn) min = Tow = R VY, ; (17-5) 
where use was made of Eq. (17-1) for a. 

In practice, the control voltages V. and V, should be somewhat larger, 
say 25 percent larger, than the minimum values given in Eqs. (17-4) and 
(17-5). In the case of V,, this additional voltage is essentially a safety factor. 
In the case of V, the additional voltage not cnly is a safety factor but also 
serves to improve the gate linearity. The larger V., the greater is the ratio 
of control current to signal current in the diodes. Hence, the more nearly 
constant will be the diode forward resistance R,; over the range of the signal 
current. 


? 


17-7 BALANCE CONDITIONS IN A BIDIRECTIONAL DIODE GATE 


The gate circuit of Fig. 17-13 has been redrawn in Fig. 17-16a to make the 
symmetry of the circuit more evident. Here the signal-source impedance R, 
(not previously shown) has been included in the circuit. We may note now 
that, as a result of this symmetry, not only is the output free of pedestal 
but also no current flows through the signal-source impedance R, in 
response to the control voltage. The converse is, of course, not true. The 
signal source in series with R, (not indicated in Fig. 17-16) does cause a current 
to flow through the control-signal generators. 

If the two control voltages are equal in amplitude, the points A and 
B in Fig. 17-16a are at voltages which are equal but opposite in polarity. 
Hence, the junction point P of the diodes and load and the junction point of the 
resistors R2 are both at zero potential, and balance is ensured at both output 
and input. If it is not convenient to establish precisely equal control-signal 
amplitudes or if the circuit components are not precisely matched, balance may 
be restored by either of the voltage dividers ry or rz indicated in Fig. 17-16b. 

An initial adjustment to make the control voltages equal or a slight 
adjustment of the gating to correct for small unbalance is usually not difficult. 
We have considered that the gating waveform is rectangular in shape. How- 
ever, unless it is important that the gate open and close rapidly, there is no 
need for the gating waveform to make an abrupt transition between levels. 
Similarly, if the control-voltage levels are able to keep the diodes either defi- 
nitely conducting or definitely nonconducting, there is no need for the control 
voltage to remain absolutely constant between transitions. What is impor- 
tant, with respect to balance, is that whatever the shape of the control voltages, 
these voltages must be identical in waveshape, except, of course, for polarity. 
If, for example, the two control voltages have different rise times, spikes 
will appear at the output at the times of opening and closing of the gate. 

When the gate-signal duration is long in comparison with the gate-signal 
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(0) a 


Fig. 17-16 (a) The bidirectional gate drawn to exhibit symmetry; (b) voltage 
dividers r; and r2 are used for balancing of the gate. 


rise time, the spikes which appear may not be objectionable. However, 
when gates of the order of a microsecond or less duration are required, it may 
well be difficult to reduce the gate rise times sufficiently. In such cases it 
may be necessary to resort to extreme measures to ensure identical waveforms. 
One method which often proves effective is to derive the control signals from 
identical and bifilar-wound windings of a pulse transformer. In order that 
the diode-bridge sampling gate be balanced it is necessary for the diode char- 
acteristics to be identical, just as it is for the control signals to be identical. 
Consequently, with just such applications in mind as the diode sampling gate, 
various manufacturers make available matched diode assemblies. These 
diodes, consisting usually of a pair or group of four diodes (quads), are matched 
with respect to forward current, reverse current, temperature dependence, and 
sometimes also frequency response. The quads find application in four-diode 
bridge circuits, such as the four-diode gate discussed in Secs. 17-10 and 17-11. 
The assemblies may consist of individual diodes or of diodes in a common 
encapsulation or diodes formed by integrated techniques for the purpose of 
ensuring a common temperature dependence. 


17-8 SIGNAL-INPUT RESISTANCE AND CONNECTIONS 


The current drawn from the input-signal source is not a function of the control 
voltage except in so far as it depends on whether or not the diodes are conduct- 
ing. This result follows from the fact that, as we have seen, no current flows 
through R, in response to the control voltages. Assuming that the diode 
forward and reverse resistances R, and R, are zero and infinity, respectively, 
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Fig. 17-17 An equivalent circuit of the bi- 
directional gate which gives correctly the 
gain and input impedance. 


we may write the input resistances by inspection from Fig. 17-13 or 17-14 as 


R; = foils diodes open (17-6) 
and 
— RiRe Rz . « 
R; = OR, + Re + os diodes conducting (17-7) 


An equivalent circuit which gives the correct gain and input impedance and 
which takes into account the absence of pedestal and reaction of control signals 
on input is shown in Fig. 17-17. Switch S is closed or open, depending on 
whether or not the diodes are conducting. 

So far we have considered only d-c coupling of the signal input. We 
may, however, also use a-c signal-input coupling. In the case of the unidirec- 
tional gate of Fig. 17-2, the use of the input coupling capacitor C, had the 
markedly disadvantageous effect that the capacitor prevented the gate voltage 
at the diode from rising abruptly. In the present case, however, no such 
difficulty exists and the gate will operate basically in the same manner, regard- 
less of whether or not an input capacitor is employed. This feature results 
from the fact that no current flows through the input capacitor because of 
the control signals. 


17-9 EFFECT OF CIRCUIT CAPACITANCES. EXAMPLE 


The capacitances which have a principal effect on the operation of the gate 
circuit are the following: (1) the capacitance C, across the gate output ter- 
minals, (2) the capacitance C4 across each diode, and (3) the stray capacitances 
C. to ground from each of the junctions of the resistors Re and Rc. The 
capacitance C, has an adverse effect on the ability of the gate to transmit fast 
waveforms. The capacitance C, not only accentuates this inability to trans- 
mit fast waveforms but also limits the speed with which the gate can be opened 
and closed. Finally, the diode capacitances Ca provide a transmission path 
through the gate even when the diodes are not conducting. 

When the diodes are forward-biased, the shunt capacitances affect the 
high-frequency response. From the equivalent circuit of Fig. 17-18 (derived 
from Fig. 17-17 through the use of Thévenin’s theorem), we see that the gate 
behaves as a low-pass resistance-capacitance circuit whose time constant is 
(C, + 2C;,) times a resistance equal to the parallel combination of R, and Ri/2. 


642 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 17-10 


Fig. 17-18 Illustration of the capacitances 
which influence transmission in a bidirec- 
tional diode gate. [The symbols 2; and a 
are defined in Eq. (17-1).] 


The residual transmission which results, from the capacitance which 
shunts the diodes, may be calculated from Fig. 17-18 by opening switch 
S and shunting across the switch a capacitance equal to the sum of the diode 
capacitances. 


Ra ARSE CER ANH PO A 


neem 


EXAMPLE In the circuit of Fig. 17-14 assume that Ri, = Rc = 100 K, R. = 
50 K, and that the signal has a peak value of 20 V. Find A, (V<)min, (Vn)mia, Ri; 
and the 3-dB frequency of the gate. 


Solution In view of the order of magnitude of the resistance involved, we may 
assume that the diodes are perfect (that is, Vy = 0, Ry = 0,and R, = ©). From 


Kq. (17-1), 
R.Re 
R, = ——— = 333K =R 
1 Bea Re 33.3 3 
From Eqs. (17-2), (17-4), and (17-5), we find 
A = 0.57 (Ve)min = 5.7 V (Vn) min = 40 V (17-8) 


The resistances seen by the signal source are given by Eqs. (17-6) and (17-7): 
R; = 75 K (diodes open) R; = 58 K (diodes conducting) (17-9) 


Now #/2 (= 16.7 K) in parallel with Ry (= 100 K) is equivalent to 14.3 K. If 
we assume a total shunting capacitance C, + 2C, of 20 pF, then the time con- 
stant is 7 = (14.3 < 10?)(20 X 107}%) sec = 0.29 wsec and the upper 3-dB fre- 
quency f2 is given by f2 = 1/2ar = 0.55 MHz. 


17-10 FOUR-DIODE GATE! 


Among the disadvantages of the two-diode gate of Fig. 17-13 are its low gain, 
its sensitivity to control-voltage unbalance, the possibility that the voltage 
(Vn)min may be excessive, and the fact that there may be appreciable leakage 
through the diode capacitances. These features may be improved by the 
use of two additional diodes, as in Fig. 17-19. Two balanced voltages + V and 
—V are required, but since these are fixed d-c voltages they need occasion no 
difficulty. 
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Qualitatively, the operation is as follows. When the control voltages 
are V, and —V., respectively, the diodes D3 and D4 are back-biased. The 
diodes D1 and D2 are conducting because of the voltages +V and —V, and 
the signal source is. coupled to the load through the resistors R, and the con- 
ducting diodes. Since, under these circumstances, the control voltages are 
disconnected from the gate by the back-biased diodes, an imbalance in control 
signals cannot result in a pedestal at the output. 

When the control voltages are V, and —V,, respectively, the points 
P, and P; are clamped to these voltages and the diodes D1 and D2 are back- 
biased. Under these circumstances, the output is zero. 

The gain of the gate of Fig. 17-19 is the same as that of the gate of Fig. 
17-13 and is given by Eq. (17-2). In connection with the circuit of Fig. 17-13 
we found earlier that a gain close to unity is not conveniently attained. The 
reason for this feature is that to achieve such a gain it is necessary to make 
Re > R. and Ri > R3. However, as is apparent from Eq. (17-5), under 
such circumstances the required value of (Vn)min becomes prohibitively high. 
In the gate of Fig. 17-19 the principal requirement on Rz is that it be large in 
comparison with the diode-conducting resistance, so that the diodes may be 
effective as clamps. The minimum value of R; is also limited by the fact that 
when the diodes D3 and D4 conduct, the control source must furnish a current 
V,/R2, and the signal source must furnish a current 2V./Re, approximately. 
Hence, Rz must not be so low as to draw excessive control or signal current. 

We now compute the required minimum values of V, V., and V,. When 
diodes D3 and D4 are not conducting, the gates of Figs. 17-14 and 17-19 are 
identical with the voltages +V and —V, replacing the voltages V. and — V.. 
Hence, Vin is given by Eq. (17-4). 

The voltage (V.)min is computed as follows. We shall assume that 
Ry; << R1. Then, for a positive-going signal of amplitude V,, the voltage at 
point P; becomes AV,, where A is the circuit gain. If the diode D3 is to con- 


Fig. 17-19 A four-diode gate. 
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tinue to be back-biased, the voltage V. must be at least 
(Ve) min = AV, (17-10) 


The voltage V,, must be selected not only to keep the transmission diodes 
reverse-biased but also to keep the clamp diodes conducting in the presence 
of a signal V,. The voltage at P2 for a positive signal V,, and hence the 
minimum value of V,, is 


Re 


+R" B+ Re MHS 


(Va) min = V.5 Re + R: 


EXAMPLE In the circuit of Fig. 17-19 consider that Ry = Re = 100 K and 
that R, = 1K. (Assume semiconductor diodes with Ry = 25 Q, in which case 
the value selected for R: should give adequate clamping.) For V, = 20 V. 
compute A, Vinin, and (Ve)min. Compute (Va)min for V = Vmin- 


Solution From Eq. (17-1) we obtain R, = 990 Q and Rs = 1,015 Q. From 
Eqs. (17-2), (17-4), (17-10), and (17-11), we have 


A = 0.985 Vin = 10.1 V (Ve)min = 19.7 V (Va)min = 19.7 V 
The two auxiliary diodes not only improve the gate circuit in the manner 


described previously, but, as is seen from the example above, an improvement 
results also in the gain and the value of (Vn) min- 


17-11 FOUR-DIODE GATE (ALTERNATIVE FORM) 


An alternative form of the four-diode gate is shown in Fig. 17-20. When 
the control voltages are at the levels V. and — V,, all four diodes are conducting 


Fig. 17-20 An alternative form of four-diode gate. 
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Fig. 17-21 The diodes in Fig. 17-20 are replaced by short circuits. (a) The 
currents due to V.; (b) the currents due to V,. 


and the source is connected to the load through two parallel paths, each con- 
sisting of two diodes in series. In this gate the supply voltages V and —V 
are not required, but, to avoid a pedestal at the output, it is necessary that 
the control voltages V. and — V, be balanced. 

The required voltages V. and —V,. depend on the amplitude V, of the 
signal and are determined by the condition that the current be in the forward 
direction in each of the diodes D1, D2, D3, and D4. The current in each 
diode consists of two components, one due to V, (as indicated in Fig. 17-21a) 
and the other due to V, (as indicated in Fig. 17-21b). The current due to 
V. is Vc/2Rc¢ and is in the forward direction in each diode, but the current 
due to V, is in the reverse direction in D3 (between P; and P,) and.in D2 
(between P;and P2). The larger reverse current is in D3 and equals V./Rc + 
V./2Rx, and hence this quantity must be less than V./2Rce. The minimum 
value of V. is therefore given by 


(Ve) min =V, (2 + i) (17-12) 


The above derivation assumes that R,; is much Jess than Re or Ry. A balanc- 
ing voltage divider may be inserted between D3 and D4 so as to give zero 
output for zero input. If the divider is assumed to be set at its midpoint, 
if its total resistance is R, and if R and Ry, are both much less than Re or Fz, 
then, proceeding as in Fig. 17-21, we find (Prob. 17-14) that 


(V.)min = Ve (2 + Ee) ¢ + im) (17-13) 


The voltage (V.)min May become excessive if the resistance R is too large 
relative to Ry. Under these circumstances the value of (V.)min in Eq. (17-13) 
should be used rather than the approximate equation (17-12), which may 
easily be incorrect by quite a large factor. 
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If Re and R; are large compared with R, and R, we see, from Fig. 17-218, 
that the gain will be very close to unity: 


Awl (17-14) 


The exact expression for A is given in Prob. 17-15. 

The diodes in Fig. 17-20 are to remain reverse-biased when the control 
voltages are V, and —V,. If the signal has a peak amplitude V,, then it is 
required that, at a minimum, 


(Vn) min = V, (17-15) 


As an example, assume that V, = 20 V, Ry = 250, Ry = Re = 100 K, 
and R.= 100 2. Then we find from Eqs. (17-13) to (17-15) that 


(V.)min = 120 V A= 1 (Vx)min = 20 V 


The deviation from linearity of such a gate may be less than 0.1 percent. Note 
that a large control voltage is required. 


17-12 SIX-DIODE GATE 


A six-diode gate is shown in Fig. 17-22. This gate combines the features 
of the four-diode gates of Figs. 17-19 and 17-20. When the gate transmits no 
signal, diodes D5 and D6 are conducting and acting as clamps while all other 
diodes are open. During transmission, diodes D1 through D4 conduct while 
D5 and D6 are reverse-biased. 

During transmission, when diodes D5 and D6 are back-biased, the six- 
diode gate becomes equivalent to the four-diode gate of Fig. 17-20, with the 
exception that the fixed voltages V and — V replace the control voltages V, and 
—V.. Therefore Eqs. (17-12) and (17-13) for (V.)min apply in the six-diode 


Fig. 17-22 A six-diode gate. 
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case to Vain. We note in the typical case cited above that (V.)min for the 
four-diode gate or Vin for the six-diode gate may be as large as 120 V for a 
20-V signal. In such a case the advantage of the six-diode gate is apparent 
in the fact that this large voltage need appear only as a fixed voltage and not 
as & control signal. 

As in the case of the four-diode gate of Fig. 17-19, so in the present case 
the contro] signal need not be balanced. From Fig. 17-22 we see that if the 
clamping diodes D5 and D6 are to remain reverse-biased for a signal ampli- 
tude V,, then V. must be at least equal to (V.)min = V.. On the other hand, 
it is also apparent that if the points P, and P, are clamped at a voltage V,, 
then none of the transmission diodes will conduct until V, exceeds V,. Hence, 
the minimum required value of V, is (V.)min = Vs. To summarize, we have 


(V.) min = (Vn) min =V, : (17-16) 


Again, if Rc and Rz are large compared with Ry; and R, we see, from 
Fig. 17-22, that the gain will be very close to unity: 


Awl (17-17) 


The exact expression for. A is given in Prob. 17-15. 


17-13 CHOPPER AMPLIFIERS? 


The circuits of Fig. 17-la and b have a particularly interesting application 
which we shall now discuss. Let us assume that we are required to amplify 
a small signal (say of the order of millivolts) and that the signal v(t) is one 
in which dv/di is very small. By way of example, if the signal is periodic, it 
may be that the period is many minutes or even hours in duration. An a-c 
amplifier with the customary capacitive coupling between stages would not be 
feasible, since these coupling capacitances would be impractically large. 
Instead it would be necessary to use direct coupling between stages. With 
such a d-c amplifier we would not be able to distinguish between a change in 
output voltage as the result of a change in input voltage or as the result of a 
drift in some active device or component. If the amplifier has high gain, 
even small changes in the operating point of the first stage, amplified by the 
remaining stages, might cause a large change in output. 

A method for circumventing this difficulty is shown in Fig. 17-23a. The 
low-frequency input signal v is shown in Fig. 17-23b. Assume that switch S; 
is being driven so that. it is alternately open and closed. Then the signal »; 
at the amplifier input will appear as in Fig. 17-23c. When S; is open »; = 0, 
and when S, is closed »; = 0. Observe that the waveform »,; is a ““chopped”’ 
version of the waveform v. It is for this reason that the circuit consisting of R 
and §,, in the present application, is called a chopper. 

In Fig. 17-23c we note that when the switch is open the signal v; reproduces 
the input signal ». As we have drawn the figure, a perceptible voltage change 
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Ac 
amplifier 


(b) 


Fig. 17-23. (a) A chopper-stabilized amplifier; (b) input signal; (¢) chopped 
signal; (d) signal-modulated square wave. 


takes place in v during any interval when S;is open. Thus, when v is positive, 
the positive extremities of the waveform »; are not at a constant voltage and 
similarly for the negative extremities when v is negative. But this feature 
is in no way essential to the operation. More customarily, the frequency of 
operation of the switch is very large (typically 100 times) in comparison with 
the frequency of the signal vy. Therefore no appreciable change takes place in v 
during the interval when S; is open. Accordingly, it is proper to describe 
the waveform »; as a square wave of amplitude proportional to v and having 
an average value (shown dashed) that is also proportional to the signal v. 
Alternatively stated, the waveform »; is a square wave at the switching fre- 
quency, amplitude-modulated by the input signal and superimposed on a signal 
which is proportional to the input signal v itself. 

The low-frequency cutoff of the a-c amplifier is such that the relatively 
high frequency square wave passes with small distortion while the signal 
frequency is well below the cutoff point. Consequently, at the output of 
the amplifier the waveform v, is as shown in Fig. 17-23d. Here we are left 
with only the modulated waveform itself. Because of this process of modula- 
tion which has been accomplished, the chopper (or the chopper together with a 
filter to eliminate the signal itself) is often called a modulator. 

The signal is recovered through the mechanism of the capacitor C and 
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the switch S.. The switch S. closes and opens in synchronism with S;. Thus, 
during the interval T1, the negative extremity of v4 is restored to zero, whereas 
during T, the positive extremity is restored to zero. As a result, except for 
an increase in amplitude, the signal v, across S, assumes again the form of 
the signal v;. If now this signal », is passed through a low-pass filter which 
rejects the square wave and transmits the signal frequency, at the filter output 
we shall have an amplified replica of the original signal. If S, operates anti- 
synchronously with S; (S2 closed while S, is open and vice versa), then at the 
output the signal will appear with reversed polarity. In either case the 
combination of the capacitor C, the switch S:, and the filter constitutes a 
synchronous demodulator. The amplifier of Fig. 17-23a is called a chopper- 
stabilized amplifier. Note that the amplifier is not stabilized by the choppers 
but rather that the choppers eliminate the necessity for a direct-coupled 
stabilized amplifier. 


17-14 ' THE TRANSISTOR AS A CHOPPER SWITCH*—ON STATE 


Many devices and circuits are feasible for use as chopper switches. For 
example, the four-diode gate of Fig. 17-20 has found wide use in this applica- 
tion. Electrically driven mechanical relays have similarly been effectively 
employed in this service. Our present interest, however, is in the use of 
transistors. The collector and emitter terminals of the transistor are to be 
used as the switch terminals. The switch is closed by supplying a base current 
adequate to drive the transistor into saturation, and the switch is opened by 
applying a base voltage adequate to drive the transistor beyond cutoff. 

A transistor chopper is shown in Fig. 17-24. In Fig. 17-24a and c the 
transistor switch is located in series with the signal lead, as in Fig. 17-1a. In 
Fig. 17-246 and d the transistor is in shunt across the output, as in Fig. 17-1b. 
In Fig. 17-24a and b the transistor is operated in the ‘normal’ manner, with 
the gating square wave vg applied between base and emitter. In Fig. 17-24c 
and d the transistor is operated in the “inverted’’ manner, with the gating 
signal applied between base and collector. The relative merits of normal and 
inverted operation will appear in the discussion to follow. When the transistor 
is on we should like the transistor to behave as a short circuit. Of course, the 
transistor will only approach this ideal condition, and we shall now examine in 
what respects the short-circuit approximation fails. 

In Chaps. 6 and 8 we consider the transistor switch in saturation and in 
Sec. 15-9 we point out that the transistor switch is bidirectional. We now 
study the matter anew, however, because in our present application the cur- 
rents and voltages encountered are entirely different in magnitude. In the 
preceding chapters the voltage v is a supply voltage Vcc of the order of tens of 
volts and the collector or emitter current is of the order of milliamperes. In 
the present case »v is of the order of millivolts and the collector or emitter cur- 
rent may be in the range of microamperes. In the previous case the base . 
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Fig. 17-24 Various forms of chopper circuits excited by a square-wave gate vg. 
(a) Series type, normal transistor connection; (b) shunt type, normal connection; 
(c) series type, inverted connection; (d) shunt type, inverted connection. 


current Is was somewhat larger than Ic/hrz, whereas in the present case 
Iz is very much larger than I¢ or Iz. 

We consider first the circuits in which the transistor is used in the normal 
manner. Figure 17-25a gives plots of J¢ against Vee for various base currents 
Is, showing again the bidirectional nature of the transistor switch. In Fig. 
17-256 we have drawn, greatly enlarged, a small portion of one of these plots 
in the neighborhood of the origin. We note that the plot does not pass through 
the origin. This feature is not apparent in Fig. 17-25a on account of the 
coarseness of the scale. We can calculate the value Vcx corresponding to the 


Ic 


1 
Slope = Rog fat) 


(0) 


Fig. 17-25 (a) Collector characteristics showing the bidirectional nature of the 
transistor; (b) enlargement in the neighborhood of the origin of a characteristic 
for constant Zs. 
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point of intersection of the plot with the abscissa by starting with the Ebers 
and Moll equations and proceeding as suggested in Prob. 17-18. The result 
for the magnitude of the collector-to-emitter voltage is 


(Vez)n = aVr (17-18) 
Br 
where » = 1 for germanium, 7 ~ 2 for silicon, Vr is defined in Eq. (6-2) and 
equals 26 mV at room temperature, and £; is the current gain hrg correspond- 
ing to inverted operation. 

We now consider the transistor in the inverted mode, where not only are 
the collector and emitter interchanged but also the base current is returned to 
the collector, as indicated in Fig. 17-24c and d. The emitter-to-collector 
voltage magnitude is now found to be 

(Vacs = 12 (17-19) 
By 
where By = hrz. We observe that Vc for inverted operation is smaller than 
for the normal mode because Sy > 8. By way of an example, if By = 50, 
n = 1 (Ge), and Vr = 26 mV at 25°C, we find (Vec)r = 0.5 mV. Typically, 
we find that (Vzc); lies in the range from about 0.25 to 2.0 mV. In the normal 
connection we find typically that (Vcx)n is in the range 5 to 25 mV. 

The need for a low value of Vcg will appear in the present discussion. 
Consider the chopper of Fig. 17-24b and assume for simplicity that the only 
defect of the transistor switch Q is that Veg = V’ 0. Let the input signal 
v= 0. Then, when Q is open, », = 0, as it should be. But when Q closes, 
v, will equal V’. Thus, even with v = 0, a square wave of amplitude V’ will 
appear at the output. The smallest signal that may be effectively chopped 
without serious error is therefore limited by V’. Now, of course, we may 
introduce in series with the transistor a fixed voltage which balances out V’, 
but since V’ will vary with time, temperature, etc., this compensation will 
have limited value. Further, since we may expect that the percentage varia- 
bility of (Vcz)n and (Vzc)r may be about the same, it is advantageous, even 
in the presence of compensation, to use the inverted connection, since a given 
percentage change will produce a smaller absolute change. 

Considering now the inverted mode, we find that there is a second source 
of voltage between emitter and collector, even in the absence of an emitter 
current. This voltage results from the passage of the base current Iz through 
the collector ohmic resistance rc. This voltage drop, which is in the same 
direction as the drop V xc, is not negligible because of the relatively large base 
current. Thus, suppose rc is only 1 2 but that Js = 500 4A. Then the drop 
relg = 0.5 mV. Altogether the voltage Vg across the transistor at zero 
emitter current is 


re ey ee we ey ee (17-20) 


This voltage Vg is called the offset voltage. The temperature variation of this 
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Rog (sat) Fig. 17-26 Equivalent circuit of a tran- 
sistor operating in the inverted mode. 
eae we Ig TEL a) In the on state, with the base current 
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Vec Va much larger than the emitter current; 
Lt (b) in the oFF state. 
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offset voltage Vg may be positive or negative, depending on the temperature 
and on Iz. However, it is rarely in excess of 2 or 3 »V/°C and in many 
situations may be appreciably smaller. 

If the collector current is not zero, then, as seen from Fig. 17-256, Vez is 
increased by Ic¢Rcz(sat), where Ros(sat) is the collector saturation resist- 
ance. This parameter is discussed in Sec. 6-12 and in Prob. 17-19. Typically 
Rex(sat) is of the order of a few ohms. The preceding discussion may be 
summarized by the equivalent circuit of Fig. 17-26a, which represents all 
sources and resistors between the emitter and collector of a transistor chopper 
switch in the on condition. The offset voltage Vg consists of two parts. The 
resistors rc and rg are the spreading or body resistances of the collector and 
emitter, respectively. 


17-15 TRANSISTOR CHOPPER—OFF STATE 


We consider now the current which flows in the load circuit when the transistor 
should be orr. Since the transistor is in the inverse connection, our interest is 
in the emitter current when a reverse-biasing voltage is applied at the base, 
since the emitter current is the load current in Fig. 17-24c and d. From Eqs. 
(6-38) we have that when both junctions are reverse-biased 


ipo me = an) 7, (17-21) 


1 — aya; 


This current J is called the offset current. For an n-p-n transistor Izo and 
Ig are positive numbers, so that the direction of flow of the offset current is 
into the emitter. The corresponding offset current for the normal connection 
is given by I¢ in Eqs. (6-38). Since |Ico| > |Zzo| and aw > ar, then the offset 
current Igy in the normal connection exceeds the corresponding current Jar 
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in the inverted mode. Since [Jgn| > |Zer|, we see a second advantage of 
inverted over normal operation. 

The offset current causes an error of the same type as is caused by the 
offset voltage. Thus, assume that when the transistor is on it is a perfect 
short circuit, but that when it is orr an offset current Jg flows. This current 
will flow through R (Fig. 17-24) and result in an output signal even when» = 0. 
The offset current, being a reverse saturation current, has the temperature 
sensitivity already discussed in Sec. 6-8. Of course, where a minimum offset 
current is required, silicon rather than germanium transistors should be used. 

A second source of emitter current, in addition to the reverse saturation 
current, is the leakage current across the emitter junction. Accordingly, a 
more realistic representation of the transistor in the orF condition is as shown 
in Fig. 17-26. Here rz, represents the leakage resistance across the emitter 
junction. 

It may well turn out, in particular cases, that the leakage current exceeds 
by far the reverse ‘saturation.current. Since the leakage current is propor- 
tional to the junction voltage, it increases with increasing reverse-biasing 
voltage applied during the orr interval. These considerations prompt 
us to inquire whether it is feasible to operate the chopper transistor in the 
OFF condition without the application of an externally applied reverse-biasing 
voltage. Thus, instead of applying a reverse bias we may return the base to 
the collector through a large resistance. If the resistance is large enough, we 
shall make only a small error if we compute the transistor orr current on the 
assumption that the base is open-circuited. 

In Fig. 17-27 we have plotted the emitter-to-collector current Iz under 

‘the circumstance that the base connection is open-circuited. Depending on 
the polarity of Vgc, one or the other of the transistor diodes will be back- 
biased, and the current will thereby be limited. At Vc = 0 the current 
Iz is, of course, zero. At a value of Vzc which substantially reverse-biases a 
junction, the transistor current will be Jzo/(1 — ar) for the inverted connection 
or Ico/(1 — ay) for the normal mode [Eq. (6-40)]._ These currents are larger 


Fig. 17-27 A plot of cur- 
rent Iz (Ic) for a transistor 
operating with an open 


Ty Inverted 


connection 


base in the inverted (nor- 
mal) connection as a func- 
tion of the voltage between 
emitter and collector. The 
current would be Ig; (Ton) 
if the transistor were 
reverse-biased in the in- 
verted (normal) connection. 
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than the corresponding offset currents Ig; and Joy, given in Eq. (17-21) and 
indicated in Fig. 17-27. However, in the neighborhood of Vec = 0, the plot 
of Fig. 17-27 is a straight line whose reciprocal slope represents a resistance. 
The value of this resistance r, presented by the transistor between emitter 
and collector in the open-circuited-base condition is given by the following 
expression (Prob. 17-20): 


r= ar [2 4 toe (17-22) 
EO co 


If this resistance r, is very large in comparison with the load resistance, then the 
transistor will be as effectively orr as if it had been reverse-biased. At 25°C, 
for example, for germanium, with 7 = 1, Izo = 1 yA, ar = 0.7, and ay = 0.9, 
ro = 10K. For silicon, with 7 = 2, Ico ~ Izo = 2.0 nA, and ay ~ ay =~ 0, 
ro = 52M. Since Jgo increases with temperature, r, decreases with tem- 
perature. Thus, whereas operation of germanium transistors without reverse 
bias may be limited to moderate temperatures and in low-impedance 
circuits, silicon transistors will be serviceable even at elevated temper- 
atures. 


17-16 BALANCED CHOPPERS 


The offset errors may be reduced materially through the use of two transistors 
in a chopper circuit in such a manner that the offset voltages and currents 
compensate for one another. Such a combination of transistors, shown in Fig. 
17-28a, may be substituted directly for the single transistor in any of the cir- 
cuits of Fig. 17-24. An equivalent circuit for calculating the combined offset 
voltages is shown in Fig. 17-286. This equivalent circuit is constructed as the 
series combination of two circuits, as in Fig. 17-26. Observe that the offset 
voltages cancel. The voltages across the resistors R’ = rz + rc + Rcez(sat) 
caused by the signal current do not cancel but rather add. Since #’ is invaria- 


(a) 


Fig. 17-28 (a) A balanced-transistor chopper pair; (b) equivalent circuit in 
the on state where R’ (Rj or Rj) is given by R! = rz + rc + Rex(sat). 


Sec. 17-16 SAMPLING GATES / 655 


bly insignificant i in comparison with the resistance R in the cirauit, its pres- 
ence is of no consequence. 

As a matter of practice, the cancellation of the offset alias will not be 
perfect. It is found, however, that with matched transistors, and when care is 
taken to maintain both at equal temperatures, the combined offset voltage 
may readily be maintained at less than 50 nV over extended periods. 

Note the use of the transformer to introduce the gating signal. Without 
the transformer, it is found that in none of the circuits of Fig. 17-24 is it pos- 
sible simultaneously to ground one side of the signal source v and one side of 
the gating source vg. The transformer may well have a significant capacitance 
between windings, as shown by the dashed capacitor in Fig. 17-28a. ‘Fhe 
gating signal vg may be 10 V or more in peak-to-peak amplitude. A portion of 
this gating signal will be transmitted through the capacitor to the entire 
structure of the two transistors and will therefore appear at the chopper out- 
put. This undesirable gating waveform at the output may be comparable to 
the small (millivolt) amplitude of the signal being transmitted. For this 
reason it is necessary to take pains to minimize the transformer capacitance. 
A grounded copper sheet or array of wires arranged so as not to constitute a 
closed circuit is often interposed as an electrostatic shield between windings. 

The effect on the offset current of a balanced-chopper arrangement may 
be seen in the simplified circuit of Fig. 17-29. Here, a circuit has been com- 
pleted through the two chopper transistors, which are reverse-biased. Since 
the currents are very small, we have omitted all resistors as not being essential 
to the discussion. The back-biasing source appears directly across the col- 
lector junction of Q1 and Q2, and the corresponding currents J, and I, are 
shown. We may now see that no current may flow through the emitter 
junctions, provided that J, and J, are equal. It is apparent from symmetry 
that the voltages across the emitter junctions are equal and that if any current 
were to flow across these junctions it would have to be in the same direction 
across each junction. However, if current were to flow in the outer circuit 
in Fig. 17-29, it would cross the emitter junctions in opposite directions. Thus 
the current in the outer circuit must be zero. Of course, again, with physical 
transistors the compensation will not be perfect. Since the reverse saturation 
current of a particular transistor type is a rather variable parameter and since 
such a current is very temperature-sensitive, the improvement in offset current 
due to balancing is ordinarily not as good as the improvement in offset voltage. 
However, with silicon transistors particularly, the offset-current error is not 
important. 

The circuit of Fig. 17-30 is intended to take advantage of the fact that 


Fig. 17-29 Simplified circuit for determin- a2) ©, 
Ql 


ing the effect of a balanced transistor pair e 


on offset current. 
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Fig. 17-30 A circuit which does not reverse-bias the transistors 
during the orr period but instead effectively reduces the base 
current fo zero. 


a transistor will offer a high resistance to the flow of current with the base 
returned to the collector through a resistor and without reverse bias. This 
method of operation is especially useful in transistors with large leakage 
currents. In the circuit of Fig. 17-30, diode D conducts when the gating 
signal is in the direction to turn the transistors on. When the gating signal 
is in the direction to reverse-bias the transistors, diode D opens and the bases 
are returned to the collectors through R; and R2 Another chopper circuit is 
presented in Prob, 17-22. 


17-17 THE DOUBLE-EMITTER TRANSISTOR‘ 


We note in Fig. 17-28a that the two collectors are joined, as are also the two 
bases. There are commercially available for chopper service double-emitter 
transistors, which consist of a single base, a single collector, and two sym- 
metrically placed emitters. Such a double-emitter chopper is shown in Fig. 
17-31. Since the individual “transistors” are fabricated by integrated tech- 
niques at the same time and under identical conditions. a better match is 
possible than with two individual transistors. The emitter junctions are 


i Emitter B Emitter 
E, , rr. f NS , Z Oxide 
B SN passivation 
» | SW 
e Gating 
signal 
(a) 


Fig. 17-31 Double-emitter transistor. (a) Circuit representation; 
(b) physical construction. 
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located within a few thousandths of an inch of one another. This proximity 
gives extremely good thermal tracking. The single base-to-collector junction 
avoids the external collector-to-collector connections, temperature differences 
between collector junctions, and voltage drops produced by currents flowing 
in contacts. We may also note in Fig. 17-31 that the signal current proceeds 
from emitter to emitter while the gating current in the on condition flows 
between base and collector. These currents, then, are generally perpendicu- 
lar to one another, and we avoid thereby that part of the offset voltage Isr¢ 
which appears in single transistors. Offset voltages less than 20 »V are pos- 
sible with such a double-emitter integrated chopper. 


17-18 CHOPPER TRANSIENTS 


In Fig. 17-32a a single-transistor chopper circuit is indicated. The signal has 
been set equal to zero, and the base-to-emitter capacitance Cy has been indi- 
cated. The reason for our interest in this capacitance is that it is principally 
responsible for spikes which appear at the chopper output each time the gating 
signal makes a transition from one level to another. When the gating signal 
goes positive, the signal is transmitted through Cz and a positive spike appears 
at the output». The amplitude of the output spike is determined by Ca and 
the capacitance C, which shunts the output. If, say, the input gating wave- 
form has an amplitude of 1 V, Cs = 5 pF, and C, = 50 pF, then the spike 
amplitude is #; V = 91 mV. Since simultaneously the transistor has been 
turned on, a low resistance is presented from emitter to collector and the spike 
decays very rapidly. When the transistor is turned oFF a negative spike 
appears, but now, since the transistor is orr, the spike decays with a relatively 
long time constant ~R(Cz + C,). For R = 1 K the decay time constant is 


(0) 


Yo 


{c) 


Fig. 17-32 (a) A chopper circuit showing the emitter-to-base capacitance Cis; 
(b) gating waveform; (c) output spikes. ; 
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55 nsec. We have assumed here that the intrinsic transistor has a switching 
time which is small in comparison with the time constants of the spikes. If 
such is not the case, then the analysis of the switching transients’ must take 
account of the base-charge storage, which then becomes principally responsible 
for the transients (Chap. 20). In any event it is apparent that these switching 
transients limit the maximum speed with which a transistor sampling circuit 
may operate. It is presently possible, with choppers using individual transis- 
tors, to operate up to about 100 kHz and with integrated double-emitter 
choppers to about 1 MHz. 


17-19 THE FIELD-EFFECT TRANSISTOR® 


The structure of an n-channel field-effect transistor (FET) is shown in Fig. 
17-33. Ohmic contacts are made to the two ends of a bar of n-type silicon. 
(If p-type silicon is used, the device is referred to as a p-channel FET.) Cur- 
rent is caused to flow across the length of the bar because of the voltage source 
connected between the ends. This current is due to majority carriers which 
in the present case are electrons. The terminal through which the majority 
carriers enter the bar is called the source S, and the terminal through which 
they leave is called the drain D. 

On both sides of the n-type bar of Fig. 17-33, regions of p-type impurities 
have been formed by alloying, by diffusion, or by any other procedure avail- 
able for creating p-n junctions. These regions of p-type impurity are called 
the gate G.. Between the gate and source a voltage is applied in the direction 
to reverse-bias the p-n junction. 

To understand the operation of the FET it is necessary to recall that on 


Fig. 17-33. The basic structure of an n-channel field-effect transistor. The 
normal directions of drain-to-source and gate-to-source voltages are 
shown. In a p-channel transistor the voltages would be reversed. 
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the two sides of the transition region of a reverse-biased p-n junction there are 
space-charge regions. The current carriers have diffused across the junction, 
leaving only uncovered positive ions on the n side and negative ions on the 
pside. The electric lines of field intensity which now originate on the positive 
ions and terminate on the negative ions are precisely the source of the voltage 
drop across the junction. As the reverse bias across the junction increases, 
so also does the thickness of the region of immobile uncovered charges. The 
conductivity of this region is nominally zero because of the unavailability of 
current carriers. Hence we see that the effective width of the channel in 
Fig. 17-33 will become progressively decreased with increasing reverse bias. 
Accordingly, for a fixed drain-to-source voltage, the drain current will be a 
function of the reverse-biasing voltage across the gate junction. The term 
field effect is used to describe this device because the mechanism of current 
control is the effect of the extension, with increasing reverse bias, of the field 
associated with the region of uncovered charges. 


FET Characteristics The circuit symbol and polarity conventions for an 
FET are indicated in Fig. 17-34. The common-source drain characteristics 
for a typical p-channel FET shown in Fig. 17-35 give Ip against Vps with 
Ves a8 a parameter. To see qualitatively why the characteristics have the 
form shown consider, say, the case for which Ves = 0. For Ip = 0 the 
channel between the gate junctions is entirely open. In response to a small 
applied voltage Vps the p-type silicon bar acts as a simple semiconductor 
resistor and the current Jp increases linearly with Vps. With increasing cur- 
rent the ohmic voltage drop between the source and the channel region reverse- 
biases the junction and the conducting portion of the channel begins to con- 
strict. Because of the ohmic drop along the length of the channel itself, the 
constriction is not uniform but is more pronounced at distances farther from 
the source, as indicated in Fig. 17-36. Eventually a voltage Vpg is reached 
at which the channel is “pinched off.” This is the voltage, not too sharply 
defined in Fig. 17-35, where the current Ip begins to level off and approach a 
constant value. It is, of course, in principle not possible for the channel to 
close completely and thereby reduce the current Jp to zero. For if such 
indeed could be the case, the ohmic drop required to provide the necessary 


Drain, D 


Fig. 17-34 Circuit symbol for a p-channel FET. (For h | a 
an n-channel FET the arrow at the gate junction 

points in the opposite direction.) For a p-channel 
FET, Ip and Vos are negative and Vos is positive. + 
(For an n-channel FET, Ip and Vos are positive and 
Ves is negative.) Source, S 
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Drain current Ip, mA 


Drain-source voltage Vps, V 


Fig. 17-35 Common-source drain characteristics of the 
p-channel type 2N2499 field-effect transistor at 25°C. 
(Courtesy Texas Instruments, Inc.) 


back bias would itself be lacking. Instead the overall characteristic curve 
has an ohmic region where Ip is proportional to Vps followed by a constant- 
current region in which Zp responds very slightly to Vos. The two regions 
are separated by the reverse bias corresponding to ‘‘pinch-off.” 

If now a gate voltage Ves is applied for smaller values of |Vps| in the direc- 
tion to provide additional reverse bias, pinch-off will occur and the maximum 
drain current will be smaller. This feature is brought out in Fig. 17-35. Note 
that a plot is given even for V¢g = —0.5 V, which is in the direction of forward 
bias. We note from Table 6-1 (page 219) that actually the gate current will 
be very small because at this gate voltage the junction is barely at the cutin 
voltage Vy. The similarity between the FET characteristics and those of a 
vacuum-tube pentode need hardly be belabored. 


Fig. 17-36 Schematic representa- 
tion of the space-charge region 
(shaded) at the gate p-n junction of 
an FET. The larger the magnitude 
of the reverse bias, the wider the 
region of uncovered immobile 


charge and hence the more con- 
stricted the channel. 
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We observe also in Fig. 17-35 that when the junction avalanche break-~ 
down voltage is exceeded the current Jp rises precipitously. Breakdown 
occurs at a fixed junction voltage, and when the gate voltage supplies part 
of this voltage, breakdown occurs at a lower value of |Vps|. For example, 
we see in Fig. 17-35 that at breakdown Vos = —26 V for Ves = 0, whereas 
Vos = —22 V for Ves =4V. 

A number of distinctions between FETs and conventional transistors are 
worthy of being singled out. First, as already noted, current is carried by 
majority rather than minority carriers and the carriers do not cross a junction 
in going from one end of the transistor to the other. Since only one type of 
carrier is involved, the FET is referred to as a undpolar device in distinction 
to the conventional (bipolar) transistor in which current is carried both by 
holes and by electrons. Finally let us identify the gate and source terminals 
of the FET as the input terminals, just as most frequently we so identify the 
base and emitter terminals of a transistor or the grid and cathode terminals 
of a vacuum tube. Then the FET has a very high input impedance which is 
many orders of magnitude larger than that of the transistor and easily com- 
parable to that of the vacuum tube operating within its grid base. This 
feature results from the fact that the input gate current is the leakage current 
across a reverse-biased silicon semiconductor junction. 

At the present time (1965) the field-effect transistor does not compete 
favorably with the transistor as a switching element in lumped-circuit appli- 
cations principally because of the greater speed with which a transistor oper- 
ates. However, in slower switching applications, in chopper circuits, and in 
certain types of integrated circuits the FET has appreciable merit. 


17-20 THE FIELD-EFFECT TRANSISTOR AS A CHOPPER? 


We shall now discuss the use of the FET in chopper circuit applications. 
When a large reverse-biasing voltage is applied to the FET gate, the device 
will be pinched off and only a small leakage current will flow between source 
anddrain. The leakage current may be of the order of 1 nA, and the “pinch-off 
voltage” required to reduce the current to this level may range from several 
volts to several tens of volts. When the externally impressed voltage across 
the gate junction is in the neighborhood of zero, there appears between source 
and drain terminals an equivalent ohmic resistor. In an FET intended for 
chopper service this resistance may be as low as several hundred ohms. 

A typical FET chopper circuit in which the FET appears as a shunt ele- 
ment is shown in Fig. 17-37 and should be compared with Fig. 17-246 or d. 
(We shall neglect for the moment the dashed part of the circuit involving the 
diode D.) Of course, it is equally feasible to use the FET as a series element 
analogous to the chopper transistor in Fig. 17-24a orc. With the FET there 
is no advantage to using the device in inverted fashion, as is the case with the 
transistor. A gating signal is applied between gate and source to turn the 
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Fig. 17-37 An FET chopper circuit, 
including (dashed) provision for 
leakage-current compensation. 


transistor on and orr, The slowly varying input signal » appears at the 
chopper output as a chopped signal »,, as in Fig. 17-23. 

Like the transistor chopper, so also the FET chopper suffers from the leak- 
age current which flows when the device is orr. The leakage currents of the 
FET and the silicon transistor are comparable in magnitude. The effect of 
leakage current in transistors is minimized by the balanced arrangement 
described in Sec. 17-16. A method for compensating for the leakage current 
of an FET is shown by the dashed portion of Fig. 17-37. A compensating 
square waveform is applied through the diode D. The levels of this waveform 
are selected to be such that when the FET is on the voltage across D is small 
enough so that negligible diode current flows. On the other hand, when the 
FET is orr the diode D is reverse-biased and the reverse-biased diode current 
supplies the leakage current of the FET. A rather exact compensation may 
be achieved either by a careful selection of the silicon diode or through an 
adjustment of the square-wave amplitude or through both. In any event the 
leakage current need not be supplied through R and a leakage-current offset 
error is thereby avoided. Note in Fig. 17-37 the reversed relative polarity of 
the waveform vg and vp. Observe also the polarity of diode D. If the FET 
had been a p-channel FET rather than an n-channel FET as indicated, diode D 
would have to be reversed. The compensation scheme of Fig. 17-37 has the 
merit that it will hold over a large temperature range. For, since both FET 
and diode are of silicon, the leakage current of both increases nominally at the 
same rate with temperature. 

In the matter of leakage current the FET has no advantage over a silicon 
transistor except for the relatively minor consideration that in the former a 
diode may be used for leakage compensation whereas in the latter a second 
transistor isrequired. Asa matter of fact, in silicon choppers generally leakage 
currents are not a major problem since they give rise to errors of the order of 
magnitude of microvolts. The really important advantage of the FET in 
comparison with the transistor is that the FET has no offset voltage. When the 
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FET is on it is a simple ohmic resistance and not a resistance in series with an 
offset voltage. In transistor choppers, offset voltages give rise to the largest 
error by far. In a typical case with a single transistor an offset error may be 
of the order of 1,000 nV. Even in a balanced compensated transistor chopper, 
offset drifts as large as 50 1V may occur, particularly during the first several 
hours of warm-up. To attain the ultimate in stability with transistor choppers 
it is normally necessary to enclose the chopper transistors in an oven in which 
the temperature is maintained to within a few degrees. On the other hand, 
the warm-up drift of an FET chopper rarely exceeds 3 or 4 »V and is completed 
in 10 to 20 min. The long-term drift of a transistor chopper is rather unpre- 
dictable, whereas the long-term drift of an FET chopper may be as low as 0.5 
2V/month. 

When the ultimate in performance of an FET chopper is not required we 
may simplify the leakage compensation scheme of Fig. 17-37. Thus we may 
return the diode not to a square-wave source but to a fixed voltage so that the 
diode is always reverse-biased. The voltage would be selected for proper com- 
pensation when the FET is orr. Then when the FET is on there will appear 
across the FET a voltage due to the diode leakage current. This “offset 
voltage,” however, may be quite small. For, assuming a leakage current of 
10 nA and an on resistance of 500 Q, the “offset voltage” will be only 5 nV. 

The FET chopper, like the transistor chopper, suffers from the common 
difficulty that because of the transition capacitance between gate and channel 
. & spike appears at each transition of the gating waveform. In this respect the . 
FET may even be at some disadvantage because its capacitances are larger. 
Therefore FET choppers, like transistor choppers, are limited to low chopping 
frequencies, say of the order of some hundreds of cycles per second. 


17-21 TRANSISTOR SAMPLING CIRCUITS 


We have considered the bipolar transistor as a chopper in connection with 
very small signals. Clearly the very same circuits may be used as gates to 
sample larger signals, say for the purpose of multiplexing. When larger 
signals are applied, certain voltage limits must be observed. When @ Ssingle- 
transistor circuit is used, the signal voltage V, must be limited to be not more 
than the gating voltage used to back-bias the transistor. Otherwise, for one 
or the other polarity of input signal it will not be possible to maintain the 
transistor in the orr state. 

If, however, a pair of transistors is used, the maximum allowable input 
signal V, is limited only by the breakdown voltage of the transistors. For 
even if the signal should become large enough to cause one transistor to go 
oN, the signal will drive the other transistor further toward reverse bias. 
Similar precautions must be taken with the FET to limit the applied voltage to 
a value smaller than the breakdown voltage. 

At best, transistor sampling circuits, particularly in the inverted con- 
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nection, are not especially fast (because of the considerations noted in Sec. 
17-18), and when speed of operation is at a premium, diode gates are invari- 
ably better. 


17-22 SAMPLING SCOPE 


As an example of an important application of a sampling gate we consider now 
the basic principle of the sampling scope.* In this scope the display consists of 
a sequence of samples of the input waveform, each sample taken at a time 
progressively delayed with respect to some reference point in the waveform. 
We shall explain the principle with the aid of the waveforms of Fig. 17-38 
and the block diagram of Fig. 17-39. 

We assume that the waveform to be displayed is the pulse in the train of 
pulses in Fig. 17-38b. We assume further that we have available, as in Fig. 
17-38a, a train of triggers whose time of occurrence precedes somewhat the 
pulses in Fig. 17-386. Such a train of triggering signals may be produced in 
either of the following ways. It may be that the pulses in Fig. 17-38b are the 
signals generated by some monostable circuit which is excited by the triggers in 
Fig. 17-380. If such is the case, and if the trigger source is under our control, 
then we may apply the trigger signal to the CRO sweep circuit directly, but 
use a delay line to delay the triggers before application to the monostable 
circuit. If there is no trigger source (the pulse generator is astable) or if the 
trigger source is not under our control, we may generate triggers by applying 
the signal itself to a comparator, the output of which provides a trigger each 
time the pulse waveform attains some reference level. To attain the relative 
timing indicated in Fig. 17-38a and b we may now pass the signal (rather than 
the triggering waveform) through a delay line. 

In any event, the triggers being available, we may use them to trigger a 
sweep signal and also a stairstep signal. The latter is a waveform which 
remains at a constant level between triggers and which, at each trigger, jumps 


Fig. 17-38 The sampling-scope principle. (a) The triggering signal; 
(b) the signal to be observed; (c) the ramp and stairstep signals. 
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Fig. 17-39 Block diagram of the essential elements required for a sampling-scope 
display. 
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from one level to another. Such a stairstep signal (with jumps of constant 
magnitude) is shown in Fig. 17-38¢ together with the sweep signal. Circuits 
for generating stairstep signals are described in Sec. 18-14. 

As shown in Fig. 17-39, the stairstep and ramp signals are applied to a 
comparator. The stairstep serves as the reference voltage, and, in each cycle, 
whenever the ramp attains the stairstep level, the comparator furnishes a pulse 
output which is used as the control signal of the sampling gate. At each such 
control signal, the gate furnishes at its output a sample of the signal, the sample 
having a duration equal to the width of the control pulse. The control signal 
has so short a duration that during its interval no sensible change takes place 
in the input signal. Thus the gate output, at each control signal, is a voltage 
equal to the signal voltage at the time of sampling. The points at which 
samples are taken have been marked by dots 1, 2, . . . on the waveform of 
Fig. 17-38b. We observe that the samples are taken at a time which is pro- 
gressively delayed by equal increments. 

The sample consists, then, of a pulse whose duration is equal to the 
duration of the sampling-gate control signal and whose amplitude is determined 
by the magnitude of the input signal at the sampling time. We need to “hold” 
this voltage for a time comparable to but smaller than the interval between 
samples. This “holding” operation may be performed by using the gate out- 
put to charge a capacitor through a diode to the peak value of the sample in 
such a manner that when the sample is completed the capacitor holds its 
charge. As already noted, however, the sample is so short in duration that it 
turns out not to be feasible to charge a capacitor in this small interval. ‘There- 
fore, before the sample is applied to the “hold” diode-capacitor combination, 
it is first passed through an amplifier stage whose output time constant is 
rather long. The sample pulse is thereby widened, i.e., “stretched,” and now 
will have a much broader peak. The stretching and holding operations are 
performed in Fig. 17-39 by the block so labeled before the sample is applied 
as a vertical-deflection signal to the scope. Shortly before each new sample is 
to be taken, the hold capacitor must be discharged. Provision for this dis- 
charge operation is not indicated in the simplified block diagram of Fig. 17-39, 
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The stairstep generator furnishes the horizontal-deflection signal for the 
scope. Thus the CRT spot moves horizontally across the screen in jumps, 
and at each new position the spot is deflected vertically by an amount propor- 
tional to the sample height. For the sake of clarity of presentation the CRT 
beam is normally blanked and is unblanked only at the time of the display 
of the sample. Consequently the presentation of the CRT screen consists of 
a series of dots which trace out the form of the original signal, as shown in Fig. 
17-39. The dashed signal waveform itself, which is shown in the CRT display 
of Fig. 17-39, does not actually appear. If the dots (samples) are spaced 
sufficiently closely, the presentation will indicate quite precisely the original 
signal waveform. It is to be noted that the real time required for the beam to 
cross the CRT is very much longer than the effective time as judged from the 
time interval of the displayed waveform. For example, suppose that in 
Fig. 17-38b the pulse width is 10 nseo, the pulse repetition frequency is 50 kHz, 
and one pulse is to be displayed with 100 samples. Then the effective sweep 
time is 10 nsec, but the time required for the sweep to cross the screen will 
be 100/50,000 sec = 2 msec. 

The sampling principle finds application in a scope used to display very 
fast periodic waveforms, that is, waveforms with rise times in the nanosecond 
range. Its usefulness lies in the fact that it makes unnecessary the use of 
high-gain wideband amplifiers. By way of example, presenthy available 
sampling scopes have equivalent rise times of about 0.35 nsec, corresponding 

_ [Eq. (2-33)] to an amplifier bandwidth of 1,000 MHz. On the other hand, of 
course, the circuits represented by the blocks in Fig. 17-39 must operate with 
high speed. But the problems in constructing such high-speed circuits are 
appreciably simpler than those of constructing a linear high-gain 1,000-MHz 
amplifier. The fast ramp generator is simply a small capacitance charging 
through a small resistance. Linearity is attained by using a supply voltage 
very much larger than the ramp amplitude, which need only be several volts. 
The very short control pulse is generated either in an avalanche transistor 
comparator (Sec. 13-16) circuit or through the use of a snap-off diode whose 
fast step is shaped into a pulse through delay-line differentiation (Sec. 20-8). 
We may note, in passing, that the operation of the sampling scope is not unlike 
the operation of a stroboscope. For this reason the gate-control pulse is fre- 
quently referred to as the ‘‘strobe” pulse. The diode threshold gate of Fig. 
17-2 (except with Ci replaced by the signal-generator source impedance) and 
the four-diode gate of Fig. 17-20 have both been used effectively for the sam- 
pling gate. 
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1 COUNTING 
AND TIMING 


In this chapter we discuss circuits which are used for the purpose of 
counting events. Applications of the counting process are also given. 
In particular, the use of counters in conjunction with a source of 
precisely determined frequency to measure the time interval which 
elapses between two events is described. 


18-1 A CASCADE OF BINARIES AS A COUNTER 


Let us consider the cascade of binaries shown in Fig. 18-1. In Fig. 
18-la the binaries, or flip-flops, are represented by their logic sym- 
bols. The output Y of one binary in the chain is coupled to the trigger 
input 7 of the next binary. Some details of the circuitry employed 
are shown in Fig. 18-1b. For simplicity, in this latter circuit, the 
cross coupling in each binary from the collector to the base has been 
omitted. The outputs Y and Y are taken from the collectors (or 
plates if tubes are used), The trigger input terminal is a point at 
which the binary may be triggered symmetrically, as described in 
Sec. 10-9, so that each successive triggering signal will reverse the 
state of the binary. For binaries constructed of n-p-n transistors, 
as in Fig. 18-1b, a negative-going voltage change or negative pulse is 
required for triggering. 

Let us arbitrarily agree that a binary is to be considered in state 0 
when the n-p-n transistor (tube) conducts whose collector (plate) 
is connected to the Y output. The binary is in state 1 when this 
device is not conducting. When the binary is in state 1 the voltage 
at Y will be high, and when the binary is in state 0 the voltage at 
Y will be low. Accordingly, our arbitrary decision in the present 
case about the definition of the binary state is equivalent to having 
decided to use positive logic to describe our system. 
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Fig. 18-1 (a) A chain of flip-flop circuits, each represented by its logic symbol; 
(6) illustrating how the circuit in (a) would be realized with transistor flip-flops. (The 
symbol B for binary is used instead of FF for flip-flop throughout this chapter.) 


Let us start from a reference configuration in which all binaries are in the 
state 0, so that all the transistors QOB,..., Q3B are conducting. The 
waveforms which appear at the outputs Y of the individual flip-flops as the 
result of 16 successive input negative triggering pulses are shown in Fig. 18-2. 
The first external pulse applied to BO causes this binary to make a transition 


Input pulses 


12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 


B2 


B3 


Fig. 18-2. Waveform chart for the binary counting system 
of Fig. 18-1. 
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from state 0 to state 1. Referring to Figs. 18-1 and 18-2, we see that as a 
result of this transition a positive voltage step is applied at the T input of B1. 
Because of the arrangement of diodes in B1, this positive step will not induce 
a transition in Bl. The overall result is that BO has changed its state to 1, 
and all other flip-flops remain in state 0, as indicated in Fig. 18-2. 

The second externally applied pulse causes flip-flop BO to return from 
state 1 to state 0. Flip-flop B1 now receives a negative step voltage, to which 
the flip-flop is sensitive, and responds by making a transition from state 0 to 
state 1. The flip-flop B2 does not respond to the transition in flip-flop Bl 
because flip-flop B2 receives a positive step. The overall result of the applica- 
tion of two input pulses is that flip-flop B1 is in state 1 while all other flip-flops 
are in state 0. We may similarly verify that the remainder of the waveform 
chart of Fig. 18-2 is correct by applying the following principles: 


1. Flip-flop BO makes a transition at each externally applied pulse. 
2. Each of the other flip-flops makes a transition when and only when the 
preceding flip-flop makes a transition from state 1 to state 0. 


If the chain were constructed of binaries using p-n-p transistors, then the 
voltage level at Y corresponding to the 1 state would be lower than the voltage 
level corresponding to the 0 state. It would then be appropriate to describe 
the operation in terms of negative logic. The rules given directly above would 
continue to apply without modification.. However, the waveforms in Fig. 18-2 
would have to be inverted and the input waveform would have to be a posi- 
tive pulse train. 

Table 18-1 lists the states of all the binaries of the chain as a function of 
the number of externally applied pulses. This table may be verified directly 
by comparison with the waveform chart of Fig. 18-2. Note that in Table 18-1 
the binaries have been ordered in the reverse direction from their order in 
Fig. 18-1. We observe that the ordered array of states 0 and 1 in any row in 
Table 18-1 is precisely the binary representation of the number of input pulses 
as given in Table 9-2. Thus the chain of flip-flops counts in the binary system. 
This feature indicates the appropriateness of the designation binary, which 
we use interchangeably with the term flip-flop, to designate a bistable 
circuit, 

A chain of 7 binaries will count up to the number 2* before it resets itself 
into its original state. Such a chain is referred to as a counter modulo 2". 
It is clear that the counting range may be extended indefinitely by adding 
more binaries. A single flip-flop is a counter modulo 2. 

To read the count of a binary chain, it is necessary to determine the state 
of each individual binary in the chain. A very rudimentary indicator may be 
used for this purpose since we need only to know which transistor (or tube) 
is conducting. When tubes are employed and the voltages encountered in 
the circuit are in the range of some hundreds of volts, a small neon bulb 
(a's W) in series with a resistor may be used as an indicator. This indicator is 
connected between the output plate Y and ground. When the plate voltage is 
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TABLE 18-1 States of the 
binaries 


State of binary 


No. of input 
pulses 


low, the voltage across the neon tube is not enough to make it glow, but the 
neon tube will light up when the plate voltage is high. The neon bulbs con- 
nected to binaries BO, B1, B2, and B3 are assigned values 1, 2, 4, and 8, respec- 
tively. To determine the count it is only necessary to add the numbers 
assigned to those neon bulbs that are lit. An alternative arrangement, suitable 
for transistor circuits, uses high-voltage transistors to drive neon bulbs. 


18-2 A REVERSIBLE BINARY COUNTER! 


A counter which can be made to count in either the forward or reverse direction 
is called a reversible counter or a forward-backward counter. Forward counting 
is accomplished, as we have seen, when the trigger input of a succeeding binary 
is coupled to the Y output of a preceding binary. The count will proceed in 
the reverse direction if the coupling is made instead to the Y output, as we 
shall now verify. 

If a binary makes a transition from state 0 to 1, then the output Y will 
make a transition from state 1 to 0. This negative-going transition in Y will 


672 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 18-3 


induce a change in state in the succeeding binary. Hence, for the reversing 
connection the following rules apply: 


1. Binary BO makes a transition at each externally applied pulse. 
2. Each of the other binaries makes a transition when and only when the 
preceding binary goes from state 0 to state 1. 


If these rules are applied to any of the numbers in Table 18-1, the next 
smaller number in the table results. For example, consider the number 12, 
which is 1100 in binary form. At the next pulse, the rightmost 0 (correspond- 
ing to BO) becomes 1. This change of state from 0 to 1 causes Bl to change 
state from 0 to 1, which in turn causes B2 to change state from 1 to 0. This 
last transition is in the direction not to affect the following binary, and hence 
B3 remains in state 1. The net result is that the counter reads 1011, which 
represents the number eleven. Since we started with twelve and ended with 
eleven, a reverse count has taken place. 


18-3 APPLICATION OF COUNTERS 


We describe here briefly some fundamental applications of counters. 


Direct Counting? Direct counting finds application in many industrial 
processes. Counters will operate with reliability where human counters fail 
because of fatigue or limitations of speed. It is required, of course, that the 
event which is to be counted first be converted into an electrical signal, but this 
requirement usually imposes no important limitation. For example, objects 
may be counted by passing them single file on a conveyor belt between a photo- 
electric cell and a light source. 

A preset feature may be incorporated into a counter to allow control of 
industrial processes. A preset counter is one which has been modified (at 
the expense of additional active devices and components) so that it will deliver 
an output pulse when the count reaches a predetermined number. Such a 
counter may be used, for example, to count the number of pills dropped into a 
bottle. When the preset count is attained, the outp(t pulse is used to divert 
the pills to the next container and at the same tinfe to reset the counter for 
counting the next batch. 


Sealing If we should differentiate each of the waveforms of Fig. 18-2, a 
positive pulse would appear at each transition from 0 to 1 and a negative pulse 
at each transition from 1 to 0. If now we count only the negative pulses 
(the positive pulses may be eliminated, say, by using a diode), then it appears 
that each binary divides by 2 the number of negative pulses applied to it. The 
four binaries together accomplish a division by a factor 2* = 16. A single 
negative pulse will appear at the output for each 16 pulses applied at the input. 
A chain of n binaries used for this purpose of dividing or scaling down the 
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number of pulses is referred to as a scaler. Thus a chain of four binaries con- 
stitutes a scale-of-16 scaler, etc. 

One of the earlier applications for scalers arose in connection with research 
into the properties of the nucleus of an atom. In order to determine the radio- 
activity of a source, it is necessary to count individually the particles emitted in 
& given time interval. The emission of a radioactive particle may be converted 
into an electrical pulse through the use of a device known as a geiger tube. 
With a weak radioactive source, a mechanical register may, in many instances, 
act with sufficient speed, but more usually an electrical counter will have to be 
interposed between source and mechanical counter. For example, a scale-of-64 
scaler followed by a mechanical register will be able to respond to geiger pulses 
which occur at a rate 64 times greater than the maximum rate at which the 
mechanical register will respond. The net count in such a case will be 64 times 
the reading of the mechanical register plus the count left in the scale-of-64 
counter. 


Measurement of Frequency The basic principle by which counters are 
used for the precise determination of frequency is illustrated in Fig. 18-3. 
The input signal whose frequency is to be measured is converted into pulses 
and applied through a gate to an electronic counter. To determine the fre- 
quency, it is now only required to keep the gate open for transmission for a 
known time interval. If, say, the gating time is 1 sec, then the counter will 
yield the frequency directly in cycles per second. The clock for timing the gate 
interval is an accurate crystal oscillator whose frequency is, say, 1 MHz. The 
crystal oscillator drives a chain of divider circuits (Chap. 19) which divides 
the crystal frequency by a factor of 1 million. The divider output consists of a 
1-Hz signal whose period is as accurately maintained as the crystal frequency. 
This divider output signal controls the gating time. The system is susceptible 
to only slight errors. One source of error results from the fact that a variation 
of +1 count may be obtained, depending on the instant when the first and last 
pulses occur in relation to the sampling time. A second source of error arises 
from jitter in the divider, which may produce a small uncertainty in the 
sampling period. Beyond these, of course, the accuracy depends on the 
accuracy of the crystal oscillator. 


Measurement of Time The time interval between two pulses may also be 
measured with the circuit of Fig. 18-3. The first input pulse is used to open 


Fig. 18-3 A counter used in a frequency 
meter. 
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the gate for transmission and the second pulse to close the gate. The crystal- 
oscillator signal (or some lower frequency from the divider chain) is converted 
into pulses, and these are passed through the gate into the counter. The 
number of counts recorded is proportional to the length of time the gate is 
open and hence gives the desired time interval. 


Measurement of Speed A speed determination may be converted into a 
time measurement. For example, if two photocell-light-source combinations 
are set a fixed distance apart, the average speed of an object passing between 
these points is proportional to the time interval between the generated pulses. 
Projectile velocities have been measured in this manner. 


Digital Computer Ina digital computer a problem is solved by subjecting 
data to a sequence of operations in accordance with the program of instructions 
introduced into the computer. Counters may be used to count the operations 
as they are performed and to call forth the next operation from the memory 
when the preceding one has been completed. 


Waveform Generation The waveforms which occur at the collectors or 
bases of binary counters may be combined either directly or in connection with 
other circuits (Prob. 18-1) to generate complex pulse-type waveforms. 


: Conversion between Analog and Digital Information® In Fig. 18-4 the 
solid blocks indicate a method, using a counter, for generating a voltage pro- 
portional to the number of pulses in a pulse train. Such a system is one exam- 
ple of a digital-to-analog converter. By adding the dashed blocks, the inverse 
operation of analog-to-digital conversion may be performed. In other words, 
the modified system establishes in a counter a registration proportional to a 
voltage. | 
Consider initially only that part of the block diagram which is drawn in 
solid lines. Suppose that, say, a train of 23 clock pulses is applied to the input 
of the counting chain. In binary notation this number is written 10111. 
Accordingly, B4 is in state 1, B3 in state 0, BZ in state 1, etc. Assume that 
when a binary is in state 1 its Y output is higher by AV than when it is in 
state 0. Since at the input to the operational amplifier we see a virtual ground 
(Sec. 1-8), then the change in amplifier input current AJ over that correspond- 
ing to the’ situation when all binaries are in state 0 is ; 


_ av, AV, AV | AV 
= Rist RAT RST RA 


Al 


av 


R (18-1) 


=(16+4+2+1) 40 = 23 


Hence we see that the input current change to the amplifier and its output 
voltage v, are proportional to the count registered in the counter. As the 
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Fig. 18-4 A digital-to-analog converter—a voltage is generated which is pro- 
portional to the number of pulses in a train (solid lines). An analog-to-digital 
converter—the addition of the dashed components provides a method of register- 
ing a count proportional to an unknown voltage. 


input pulses are applied, the amplifier output is the stairstep. voltage indicated. 
The output will jump a fixed increment each time the count increases by unity. 

The inverse process, by which a count is registered proportional to the 
unknown voltage, is achieved by adding the components in Fig. 18-4 that 
are dashed. Now the clock pulses are not applied directly to BO but are intro- 
duced at the AND circuit with the inhibitor terminal. Initially the negation 
input is not excited and the AND gate is open for transmission. As the clock 
pulses pass through the gate and are registered in the counter, the comparator- 
input voltage increases in magnitude with each count. When the comparator 
input reaches the unknown voltage which acts as the comparator reference, the 
circuit responds. The comparator output then excites the inhibit terminal of 
the aNnp gate, and the clock pulses are no longer transmitted to binary BO. 
Therefore the counter stops at a count proportional to the unknown voltage. 


18-4 COUNTING TO A BASE* NOT A POWER OF 2 


It may be desired to count to some base R which is not a power of 2, We may 
prefer, for example, to count to the base 10, since the decimal system is the 
one with which we are most familiar. To construct such a counter we start 
with a cascade of n binary counters such that n is the smallest number for 
which 2” > R. Then feedback is introduced from later binary stages to 
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Fig. 18-5 A scale-of-16 binary chain modified by feedback into a scale-of-10. 


earlier stages so that 2" — R of the states are bypassed by advancing the 
counter by 2" — RF at some time during the counting of the first R pulses. The 
advance may be made at one time or in several stages. 

The schematic of Fig. 18-5 shows in some detail one of many possible 
techniques employing feedback to convert a scale-of-16 counter into a scale- 
of-10. In this schematic the: cross-coupling connections from collectors to 

- bases have been omitted. The signal at Y; of the last binary is differentiated 
by Rand C. The negative pulse which results when this flip-flop goes from 
state 1 to 0 is ineffective because the coupling transistors Q4 and Q5 are 
virtually at cutoff. However, the positive pulses which result when B3 goes 
from 0 to 1 are inverted and fed back to Y; and Y,. 

To see the effect of the feedback on the count, we now examine the wave- 
form chart of Fig. 18-6. We must remember that a binary does not respond 
instantaneously to an input pulse and that there is some additional delay 
before the flip-flop output reaches full amplitude. This feature has been 
taken into account in Fig. 18-6 by drawing the binary transitions with a finite 


Fig. 18-6 Waveform chart of the feedback counter of Fig. 18-5. 
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slope and by starting the transition in a succeeding binary only at the com- 
pletion of the transition in a preceding flip-flop. The counting proceeds in 
the customary way through the seventh input pulse. At the eighth pulse, 
binary B3 responds and negative pulses are fed back to Yiand Y:. Since Bl 
and B2 are in state 0 after the eighth pulse, the right-hand transistors of these 
flip-flops are conducting. Hence, negative pulses at Y, and ¥.2 (which are 
coupled tu the opposite bases) will cause transitions in B1 and B2, respectively, 
and these flip-flops are forced back to state 1 by this fedback pulse. At the 
ninth pulse BO changes to state 1 and after the tenth pulse all binaries are 
again in state 0, so that the count is complete. 

Observe that after the eighth pulse and before the feedback has had 
a chance to be effective, the chain of flip-flops is in the state 1000 = 8. The 
feedback to binary B1 reverses this flip-flop and advances the count by 2' = 2. 
The feedback to B2 advances the count by 2? = 4. The two feedback paths 
advance the count by 2-+4 = 6. We can confirm from the waveforms in 
Fig. 18-6 that the counter now reads 1110 = 14. Two additional pulses are 
required to reset the counter to 0000. Hence the counter recycles at pulse 10 
instead of 16. 

In a binary chain without feedback the delay between the transition of one 
binary and the next following is of no importance. The resolution of the 
binary chain depends only on the resolution of the first binary and not on the 
total number of binaries in the chain. Observe, however, that in Fig. 18-6 
there are five separate consecutive delays between the time of occurrence of 
the eighth pulse and the time when binaries Bl and B2 have been completely 
reset. These five delays are indicated by the dashed lines, which are numbered 
consecutively from 1 to 5. If the time interval between input pulses is not 
sufficient to allow binaries B1 and B2 to be reset before the occurrence of the 
tenth pulse, the counter will not operate correctly. (The ninth pulse has 
only to reset binary BO, so that the eighth and ninth pulses have only to be 
separated by the resolution time of a binary.) 

Feedback may be used in a wide variety of ways to change the scale of a 
counter. By way of an additional example® we consider the system shown in 
Fig. 18-7, which is very commonly employed in decade counters. The feed- 
back connections are shown by the heavy lines in Fig. 18-7a, and the waveform 
chart is shown in Fig. 18-7b. In this chart, for simplicity, we have neglected 
the time delay of each binary. It should be kept in mind, however, that this 
delay is essential to the operation of a feedback counter. The count proceeds: 
in normal fashion through the third pulse. At the fourth pulse Y: goes from 
1 to 0 and Y, goes from0 tol. The negative transition at Y. is applied to B1 
through the set terminal (Fig. 10-14) and immediately causes a reverse transi- 
tion in B1, returning Y to state 1. The heavy vertical line in the waveform 
Y; at the time of the fourth pulse represents a transition from 1 to 0 followed 
immediately by a reverse transition from 0 to 1. After the fourth pulse the 
chain of binaries reads 0110 = 6 rather than 4, so that the count has been 
advanced two steps by the feedback. In a similar manner the feedback from 
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Fig. 18-7 (a) An alternative technique for converting a scale-of-16 counter 
into a decade counter; (b) waveform chart. 


B3 to B2 at the time of the sixth pulse causes a reverse transition in B2 and 
advances the count by four. We can confirm from the waveforms in Fig. 18-7 
that the counter now reads 1100 = 12. Four additional pulses are required 
to bring the counter to 0000. Hence the entire unit resets to its original stage 
at the tenth pulse. 


18-5 DECADE COUNTER WITHOUT FEEDBACK® 


The use of feedback to change the scale of a binary counting chain may severely 
limit the maximum counting rate (Sec. 18-4). We consider now a method of 
changing the scale which avoids the use of feedback. As an example, the 
modification of a four-binary chain into a decade counter is represented in 
principle in Fig. 18-8a by means of logic circuits. In this circuit the flip-flops 
are induced to make transitions in some instances as the result of a triggering 
signal at the complementing input T and in other instances by signals at the 
S (set) or R (reset) terminals. These latter signals are derived from the output 
‘of AND gates. Such a signal will appear or not depending on the state of the 
outputs of several of the flip-flops. 

Assume that the flip-flops are constructed of n-p-n transistors, in which 
case positive logic applies. Now, however, the triggering signal at S, T, or R 
should be a negative pulse. Therefore the anp gates must operate with nega- 
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tive logic. That is to say, the negative input pulse must be transmitted 
through the gate when and only when all the other inputs are at their lower 
level. Hence, each block marked A in Fig. 18-8a could be a sampling gate 
controlled by an AND circuit, as illustrated in Fig. 17-7 (but for negative logic). 

The waveform chart of this counter is shown in Fig. 18-8) and is identical 
with that in Fig. 18-7b but with Y. and Y, interchanged. Since BO changes 
state at each input pulse P, then P must be applied to T>. Since B2 makes a 
transition each time Bi changes from state 1 to state 0, then T; must be 


1 ----ocrcrrocrere 
B3 | | 
Oar (b) 


Fig. 18-8 (a) A decade counter that does not use feedback (similarly labeled 
. ae 
points are physically connected); (b) waveform chart. 
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connected directly to Y;. The transitions of flip-flops B1 and B3 are more 
involved. As an example, consider the transition in B3 in response to pulse 4. 
Observe that immediately before this pulse Yo = 1, Y; = 1 and Y; = 0, 
whereas at no other time does this combination of bits occur. Hence, a nega- 
tive AND can be used preceding S; with inputs P, Yo, Y1, and Ys, and it will 
deliver a trigger which will set B3 at the fourth input pulse. At the tenth 
pulse and only at this pulse does B2 make a transition from 1 to 0. Hence 
B3 may be forced to change from the 1 to the 0 state at the tenth pulse by con- 
necting Y, to either R; or T3. In a similar manner the required inputs to the 
AND circuits preceding B1 can be ascertained in order to obtain the waveform 
Y;. A decade counter® capable of counting at a 50-MHz rate, similar in 
principle to the one presently under discussion, is commercially available. 


18-6 CARRY TIME IN A BINARY CHAIN? 


The carry time in a binary chain is the time required for the chain to complete 
its response to an input triggering pulse. The carry time is longest when each 
binary is in the state 1. For, in this situation, the next input must cause all 
binaries to change state. Any particular binary will not respond until the 
previous binary has nominally completed its transition. Hence, the carry 
time will be of the order of the sum of the transition times of all the binaries. 
If the chain is long, the carry time may well be longer than the interval between 
the input pulses. In such a case, it will not be possible to read the counter 
between pulses. 

The carry time may be reduced appreciably by employing anv gates 
between flip-flops, as shown in Fig. 18-9. Now the triggering signal for each 
flip-flop is the input pulse itself or the input signal transmitted through one or 
more gates. The state of a flip-flop serves to determine whether the gate which 
it excites allows or restrains transmission of a pulse. Again, if positive logic 


Fig. 18-9 To reduce carry time, AND gates are used between binaries. 
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applies to the flip-flops and negative triggering pulses are used, then the gate 
logic must be negative. As is seen from Fig. 18-9, a binary receives a pulse 
only if immediately prior to the trigger all preceding binaries are in the state 1. 
The trigger pulse will arrive at a binary and its immediately following gate at 
the same time. It is, of course, necessary that the pulse pass through the 
gate before the binary has changed state. In this respect a long binary transi- 
tion time may be an advantage. If the transition time is too short it will be 
necessary artificially to lengthen it or even to introduce some small delay in 
the signal connection from the binary output to the gate input. In the binary 
chain without gates, each binary generates a triggering signal. In the circuit 
of Fig. 18-9 the trigger passes only through the passive AND gates and may 
eventually become attenuated to the point where it is no longer effective. In 
this case it will be necessary to introduce amplifiers in the gate chain to raise 
the trigger-signal level. 

When the anp gates are used, the maximum carry time will be of the order 
of the sum of the anp-gate propagation times (plus amplifier propagation 
times if amplifiers are used) rather than the sum of the longer binary transition 
times. Still further improvement is possible through the circuit of Fig. 18-10, 
in which the delay of the triggering pulse is the delay resulting from trans- 
mission through a single AND gate. Here the trigger is delivered directly to 
each AND gate. If all preceding binaries are in state 1, then the gate will allow 
the transmission of the triggering pulse to the next binary. A complication 
of this circuit arrangement is the large fan-in of the gates in long chains. 
Thus, in a chain of N binaries, the last gate must have N input terminals. 
Further, the binaries at the beginning of the chain must supply signals to 
many gates. In a chain of N binaries, the first binary must have a fan-out 
of N —1. 


Fig. 18-10 A circuit which uses AND gates arranged so that the triggering 
signal of any binary is delayed only by the propagation time of one gate. 
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18-7 IMPROVEMENT OF RESOLUTION? 


The resolution of a counter is the minimum time separation between two suc- 
cessive triggering signals to which the counter can respond separately. The 
resolution may be specified by stating this time interval or by stating the maxi- 
mum allowable input frequency for which the counter will be able to dis- 
tinguish each cycle. In all of the counting circuits discussed so far the first 
binary was required to change state at each input trigger. Hence the resolu- 
tion of the counter is the resolution of this first counter. Methods of improv- 
ing the resolution of a binary are discussed in Chap. 10, and it is found that the 
resolution time is made up of a transition time and a settling time. We shall now 

‘discuss a counting scheme in which the resolution of the counter is limited 
not by the settling but only by the transition time of a binary. This transition 
time may be appreciably smaller than the total resolution time especially 
since, within limits, it is possible to shorten the transition time at the expense 
of the settling time, about which we no longer are concerned. 

To illustrate the technique we shall use the decade counter of Fig. 18-11, 
which consists of five flip-flops. To simplify the diagram and description we 

_ Shall assume that in this case all circuits operate with positive logic. Thus 
we assume that the input triggers are positive pulses and that a positive pulse 
applied to the set (.S) terminal of a binary sets Y = 1.and a positive pulse at R 
resets Y = 0. Similarly, a positive pulse on one input to an AND gate will be 
transmitted when the other input to the gate is in the state 1. 

Observe that the trigger-input terminal T of each flip-flop is not used and 
instead the external trigger appears at the R or S terminal of each flip-flop, 
depending on which anp gate allows transmission. Each binary output Y is 
connected through a gate to S and Y to R, except that in the connection from 
the output of B5 to the input of Bl the connections are crossed. In other 
words, Y; is connected to R; and Y;, to S, through anp gates. 

Let us consider that initially each binary has Y = 0 and Y = 1. Then 
the gate connected to the input S, will allow pulse transmission, as will also 
the gates at R2, R3,.Rs, and R;.. The first trigger will cause 81 to make a 
transition to state 1. The pulses which are transmitted through. the other 


Fig. 18-11 A high-resolution counting circuit. 
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gates appear at a reset input R and are therefore ineffective. Now since 
Y, = 1, the second pulse will pass through S. and set B2 in state 1. This 
same second pulse, in going through S,, does not affect B1, which already is 
in state 1. The overall result is that the first pulse has set B1 in state 1, the 
second pulse has set B2 in state 1, and none of the other binaries has beet 
affected. Continuing the aonlyeia: we may see that the third, fourth, and 
fifth pulses will transfer in turn B3, B4, and B5 to state 1, so that at the end of 
five pulses all binaries are in state 1. The sixth pulse passes through the anp 
gate preceding R, and hence resets B1 to state 0. The seventh pulse resets B2 
to state 0, and so on until, at the tenth pulse, all binaries have Pees reset to 
state 0 and the counting cycle is complete. 

The improvement in resolution afforded by the circuit of Fig. 18-11 may 
be seen to be the following. Suppose that a first pulse has caused a transition 
in binary Bl. The second pulse is to serve to change the state of B2. To 
allow this second pulse to be effective it is necessary that the gate at S2 be 
enabled. This gate will be enabled as soon as the output Y1 reaches the volt- 
age level corresponding to state 1. Therefore the resolution time of the counter 
is the transition time of one binary. Observe further that during the entire 
counting cycle of the counter each binary makes only two transitions and that 
the frequency with which each binary changes state is only one-fifth of the 
frequency of the input triggers. 

A precaution must be taken in connection with the width of the pulse 
applied to trigger the circuit of Fig. 18-11. For suppose that the width of the 
input pulse is longer than the transition time of a binary and that the pulse has 
just changed the state of B, from state 0 to state 1. Then the gate at S2 will 
be enabled while the input line is still excited, and binary Bz will respond. 
Hence the pulse duration must be smaller than the binary transition time. 

When any of the binaries is in state 0 and a pulse appears at the reset 
input terminal, the binary does not change state. However, this reset trigger 
may well induce transients, and until the transients have decayed, the sensi- 
tivity of the binary to a trigger at the set terminal may be reduced. When 
the ultimate in speed is being sought, additional circuits are introduced into 
the system to avoid altogether the appearance of a pulse at the R terminal 
except when needed to reset the binary. 


18-8 VERNIER COUNTING® 


We have already referred to the method by which a counter may be used to 
measure the time interval between two events. This method is indicated in 
Fig. 18-12. The beginning and end of the interval are assumed to be marked, 
respectively, by the occurrence of pulses, a start pulse and a stop pulse. The 
start pulse allows transmission of the oscillator signal through the gate, and 
the stop pulse closes the gate against such transmission. The number of 
cycles or pulses generated by the oscillator during this interval is recorded on 
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Start 


Fig. 18-12 A method of determining the 
time interval between two events. 


the counter. The elapsed time is the product of the counter reading and the 
oscillator period. 

This system has a maximum uncertainty of two counts since the gate 
might open just immediately after the occurrence of a pulse and might close 
just before the occurrence of a pulse. The uncertainty in time may be mini- 
mized by increasing the oscillator frequency but only at the expense of requir- 
ing that the counter have a correspondingly smaller resolution time. We 
shall now describe a vernier-count timing system which reduces the timing error 
(at the expense of circuit complexity) but avoids the need for high-resolution 
counters. At the present time such systems are capable of yielding a timing 
accuracy corresponding to the use in the system of Fig. 18-12 of an oscillator 
whose frequency is well in excess of 1,000 MHz. 

For the sake of simplicity we shall assume an internally synchronized 
system—one which generates its own start pulse. The system is to be used 
to measure the time interval between this start pulse and a stop pulse provided 
from some external source. For the sake of being specific we shall assume 
that we have available counters adequate to only about 1 MHz but that we 
require a time measurement accurate to 0.01 usec = 10 nsec. The method is 
illustrated in block-diagram form in Fig. 18-13. As in the simple system of 


i Clock generator, 
Pulse 
sa = z = 
Transmission gate 
gate 


(reference pulse) 


AND (coincidence) 
circuit 


Stop pulse P, 


Vernier generator, 
0.99-4sec period 


Vernier counter 


Fig. 18-13 A vernier system for very accurate time measurements. 
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Fig. 18-14 The timing waveforms in the vernier system of Fig. 18-13. 


Fig. 18-12, pulses from an oscillator, called a clock generator, are passed through 
a transmission gate and counted by the so-called coarse counter. The clock- 
generator pulses are also applied to a scaling or dividing chain (Chap. 19). 
The start pulse appears and the timing starts when the scaler yields an output 
pulse. For example, with a scale-of-10° divider, the timing operation will be 
repeated once per second. 

The stop pulse is applied to the vernier generator. This generator is an 
oscillator which is initially quiescent and begins to oscillate in response to 
the stop-pulse signal. The vernier generator has a period 0.99 usec, that is, 
0.01 usec shorter than the clock period. The vernier counter counts the pulses 
furnished by the vernier generator. The outputs from both generators are 
applied to a coincidence, or AND, circuit which delivers a pulse when a clock 
and a vernier pulse coincide in time. The output from the coincidence circuit 
inhibits the vernier-count generator so that it delivers no further pulses, and 
it also closes the transmission gate so that no further clock pulses enter the 
coarse counter. If the coarse-count reading is C and the vernier-count read- 
ing is V, then the time interval T between P; and P; is given by 


T = (C—V) X 1 usec + V X 0.01 usec (18-2) 


as will now be demonstrated. 

The operation of the circuit may be understood by referring to the timing 
sequences in Fig. 18-14. For purposes of illustration, a timing interval of 
116.07 ysec has been assumed. The pulse P2 occurs 0.07 usec after the 116th 
clock pulse. The first pulse delivered by the vernier generator occurs 0.06 
usec after the 117th clock pulse, the second vernier pulse occurs 0.05 usec after 
the 118th pulse, etc. In other words, because of the 0.01-ysee difference in 
the periods of the two generators, each succeeding vernier pulse slides back 
0.01 usec relative to the corresponding clock pulse. Therefore, after seven 
vernier pulses are generated, there will be a coincidence between a clock pulse 
and a vernier pulse. This condition obtains at clock pulse 123. Hence, the 
number of integral multiples of the clock period in the interval between P 
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and P, is 
C—V=123 —7 = 116 


The remainder of the interval is given by 0.01V = 0.07 usec. This explana- 
tion justifies Eq. (18-2). A mechanical vernier ruler operates on precisely 
the above principle, and this is the reason this method is called a vernier 
system, 

It might appear that the system could be simplified by using the stop pulse 
directly to close the transmission gate and hence stop the coarse counter. 
However, if the pulse P, were used to stop the coarse count, it is possible that 
the counter may read too high by one count. This error will occur if a clock 
pulse follows immediately after P. so that the transmission gate does not close 
quickly enough to eliminate this unwanted clock pulse. 

Tn this system the pulse generators must be extremely stable. Consider, 
for example, the vernier-pulse generator which may have to deliver as many 
as 99 pulses. If the total error is to be less than 0.01 usec, then the delay of 
each pulse must be in error by less than 0.01/99 ~ 1074 usec over an interval 
99 X 0.99 = 98 usec. By increasing the frequency of the clock generator the 
accuracy requirement may be made less stringent and also the total time 
required for the vernier count may be decreased. For example, if a 2-MHz 
clock is used, the time between pulses is 0.5 usec, the vernier interval is 0.49 
usec, and the maximum number of vernier counts is 49. Hence, the maximum 
time required for the vernier count is 49 X 0.49 = 24 usec instead of 98 usec 
for a 1-MHz clock. Also, now the delay of each pulse must be in error by 
less than 0.01/49 ~ 2 < 10-4 usec over an interval of 24 usec. Some engineer- 
ing compromise must be made in the selection of a clock frequency since, as 
already noted, an increase in clock frequency makes proportionally greater 
demands on counter resolution. 

A critical element in the system is the coincidence gate, which must be 
able to establish the moment of coincidence to within 10 nsec, or even less, in 
faster systems. The coincidence circuit may be an anp gate followed by a 
comparator and amplifier, which will then furnish the power to operate the 
transmission gate and vernier generator. Alternatively, the coincidence 
circuit may simply add linearly the clock and vernier pulses and apply the 
sum to a comparator. The comparator reference level is set so that neither 
pulse individually will operate the comparator but the two together will have 
a large enough amplitude to cause the comparator to respond. 

In Fig. 18-15a is shown a clear coincidence between a clock and vernier 
pulse, which gives a single pulse large enough to operate the comparator. In 
Fig. 18-155 is shown a situation where there is no precise coincidence but 
where, because of the width of the pulse, there is an overlapping between two 
neighboring clock and two neighboring vernier pulses. In this case, as shown, 
it is possible to get two pulses large enough to operate the comparator. As a 
result an error is possible, which in the worst case is equal to the difference 
between the clock and vernier periods. 
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Fig. 18-15 Two possible coincidence patterns of clock and vernier pulses. 
(a) A true coincidence; (b) two adjacent clock pulses overlap two vernier pulses, 
so that the sum contains two large output pulses. 


It is possible, with added complexity, to use the vernier method in an 
externally synchronized system. Since the start pulse in such a system is 
randomly timed with respect to the clock pulse, an additional vernier measure- 
ment must be made. This measurement gives the interval between the start 
pulse and the preceding clock pulse. 


18-9 TUNNEL-DIODE COUNTERS?° 


We shall first demonstrate that it is possible to construct a complementing 
flip-flop using a pair of tunnel diodes. Thereafter we shall show how counters 
are constructed using such circuits. 


Flip-Flop Operation The tunnel-diode characteristic of Fig. 18-16 shows 
two operating ranges in which the device displays a positive resistance and 
where operation is consequently always stable. One range extends to the left 
of the peak current Ip and the other extends to the right of the valley voltage 
Vy. Suppose that two tunnel diodes are placed in series and that across the 
pair is applied a voltage larger than 2Vp but Jessthan 2Vy. Then it will not be 
possible to have an equilibrium condition in which both diodes operate to the 
left of Vp or one in which both diodes operate to the right of Vy. It will be 


Fig. 18-16 A _ tunnel-diode volt- 
ampere characteristic. 
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Fig. 18-17 A tunnel-diode trigger- 
I, (0.60 mA) 
—_ 


able binary (Ref. 10). 


possible in general, however, to establish an equilibrium condition in which one 
diode operates in the low-voltage region and the other in the high-voltage 
range. Such a two-diode circuit will obviously have two stable states since 
the operating conditions of the diodes may be interchanged. 

The simple series circuit requires that the diode currents be the same, and 
thereby our freedom to adjust separately the operating points is limited. The 
restriction of equal currents may be removed by shunting resistors R across 
the diodes, as indicated in the circuit of Fig. 18-17 due to Chow.!° The volt- 
ages, currents, and components specified in Fig. 18-17 are included to convey 
some idea of the order of magnitude of these parameters in a typical circuit. 
The components have been selected so that D1 operates at a low current J; and 
high voltage Vi, whereas D2 operates at high current J, and low voltage V2. 
These operating points are indicated in Fig. 18-16. The inductor L has no 
effect on the equilibrium state, but as we shall see, it is required to ensure 
reliable triggering. The resistor R, is included to allow some latitude in the 
selection of the supply voltage and also because the triggering pulse is to be 
applied at the anode of D1. In the absence of A, this triggering signal would 
be shorted to ground. 

We shall now demonstrate that the momentary closing of the switch in 
Fig. 18-17 induces an interchange of the operating points of the tunnel diodes. 
Immediately after the switch closes and before the inductor current has been 
able to change appreciably the situation is as shown in Fig. 18-18a and b. 
The sum V; + V; of the voltages across the diodes must add to zero. There- 
fore one diode must be forward-biased and the other must be reverse-biased 
and consequently carrying current in the reverse direction. Since the inductor 
current cannot change instantaneously, then J, = I, — [1 = I, — Ij. 
Since J, > J; in Fig. 18-16, then the constancy of J, requires that J; be more 
positive than J;. Hence, as indicated in Fig. 18-186, it is diode D1 rather than 
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D2 which becomes reverse-biased, and J} is a negative current. We observe 
that whereas the operating point of D2 moves somewhat down the character- 
istic, the operating point of D1 changes very substantially since it goes from an 
operating point of high forward voltage V,; to a point of reverse voltage V;. 

When the switch is opened, the situation is as indicated in Fig. 18-18c. 
Added to the diode currents Jj and J} is the current J’ supplied by the source 
Vyy through R;. Initially this current flows into the stray capacitances and 
the diode capacitances present. But, as these capacitors charge, the current is 
diverted into the diodes and the operating points of the diodes move in the 
direction of increasing current, as shown by the arrows in Fig. 18-18d. It 
seems intuitively obvious that diode D2 will reach the peak first. At this point 
a rapid transition will occur, in which the diodes establish themselves at the 
equilibrium points indicated in Fig. 18-16. However, the operating points of 
the diodes will be interchanged, with D2 now operating at high voltage and 


1V2l=1 Vil 


(c) 


Fig. 18-18 Immediately after closing switch S (Fig. 18-17) the currents are as shown 
in (a) and the diode operating points as in (b). Immediately after reopening the 
switch, the currents are as shown in (c) and the directions in which the operating 
points are moving are as shown in (d). 
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low current. The momentary closing of S has resulted in a change of state 
of the flip-flop. 


Switching Times The switch S must remain closed for a time long enough 
to allow the diodes to change from their initial operating points to those shown 
in Fig. 18-18. The speed with which this transfer takes place is limited by the 
rapidity with which the diode (and stray) capacitances may change their 
voltages. When the switch S in Fig. 18-17 is closed, the diodes together with 
their total shunting capacitances are thrown in parallel. Initially, impulsive 
capacitor currents flow in order abruptly to equalize the capacitor voltages. 
Thereafter the speed of approach to the final operating points indicated in 
Fig. 18-18) is determined by the rate at which the capacitors may charge with 
current supplied through the diodes. (As long as the inductor current remains 
constant, this inductor current will affect only the location of the final operating 
points and not the speed with which they are approached.) In practice the 
circuit is triggered not by the closing of a switch but rather by the application 
of a step voltage. We have therefore also to allow for the rise time of this 
triggering step. Altogether it turns out in a typical case, for a tunnel diode 
with Ip ~ 1 mA, that the time 7 required for the transfer is of the order of 
20 nsec. This transition time T may be reduced by using diodes with larger 
Ip and smaller capacitances. 

The switch S must. not remain closed for too long an interval because 
after the diodes have established themselves at the operating points indicated 
in Fig. 18-185 both operating points will move toward the origin as the inductor 
current decays to zero. If the operating points are allowed to approach one 
another quite closely, the new state of the circuit will not be predictable 
at the opening of the switch S. Therefore the switch ought to be kept closed 
for a time T of the order indicated above and the inductor L should be large 
enough to maintain approximately constant current for that period. During 
the interval when D1 is making a rapid transition from an operating voltage 
V, to an operating voltage V/, diode D2 moves only slightly along that portion 
of the diode characteristic which is nominally a straight line passing through the 
origin. On this part of the characteristic the diode appears as a resistance 
which is much smaller than R. Let us then assume that, during this interval, 
D2 is a short circuit and the time constant of the circuit is of the order of L/R. 
Let us require that this time constant be 5 times the time T ~ 20 nsec. Then 
with R = 5600, L = 56 wH. 

Like the bistable multivibrator using transistors or tubes, so also the 
tunnel-diode binary has a settling time, because after the transition has been 
made, an interval is required for all transients to decay. This settling time is 
proportional to the size of the inductance L. If J, flows in L before a transition 
has occurred, then after the transition when the circuit has settled, a current of 
the same magnitude |Jz| will be flowing in L but in the opposite direction. 
Since, after the transition, D2 carries very little current and D1 acts as a 
resistor of small resistance, then D2 may be considered an open circuit and D1 
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a short circuit. Hence, the time constant with which the settling takes place 
is L/R’, where R’ is the parallel combination of R and Ri + R. If, say, 
LT = 56 wH and R = R, = 560 2, so that R’ = 370 Q, then 

T= = = = = 0.15 usec = 150 nsec (18-3) 
In Sec. 10-5 we make the reasonable assumption that if a time 2r is allowed 
between pulses, then all transients will die down sufficiently so that the flip- 
flop can be triggered reliably. Using this same criterion and neglecting the 
transition time in comparison with the settling time, we estimate that the 
maximum frequency at which the tunnel-diode binary may be driven is 
1/0.3 = 3 MHz. We deduce in general from this discussion that while a 
certain minimum inductance is required to allow triggering, the inductance 
should not greatly exceed this’ minimum requirement. The analogy to be 
drawn between the role of the inductor in the tunnel-diode circuit and the 
commutating capacitors in the bistable-multi circuits is apparent. 


Triggering We found that closing the switch S in Fig. 18-17 for a short 
time will induce a transition in the tunnel-diode binary. This brief closing of 
the switch is equivalent to the application of a negative pulse at the anode of 
D1. This pulse need only be large enough to bring the anode of D1 below the 
valley of the tunnel-diode characteristic, As is generally the case, so here too 
it is advantageous to use a pulse no larger than is necessary. For in this way 
transients associated with the triggering signal are avoided and the resolution 
of the binary is thereby improved. If a pulse is larger than necessary and its 
amplitude is not adjustable it is advantageous to apply the triggering pulse 
through a resistor comparable, say, to R. 

A discussion analogous to the one above establishes that a tunnel-diode 
flip-flop will respond as well to a positive triggering pulse. In this case the 
pulse transfers both diodes to operating points on the high-voltage portion of 
the characteristic. Since, before the excitation, J; > I, and I, = I, — I, is 
constant during the transition, then after the transition D2 will be operating 
at a higher current than D1. As both diodes begin to move down toward the 
valley, the diode D1 initially in the high-voltage state will reach the valley 
first and a transition will ensue which leaves all operating points of the diodes 
interchanged, with D2 now in the high-voltage state. 

It is, of course, possible to arrange that the tunnel-diode binary respond 
only to pulses of one polarity by the addition of rectifying diodes to transmit to 
the binary pulses of only one polarity. Alternatively, such discrimination can 
be built into the flip-flop itself. Suppose, for example, we adjust a binary so 
that in the stable state diode D2 (Fig. 18-16) is very close to the peak while D1 
is rather appreciably higher in voltage than the valley voltage. Then we 
would expect that such a binary would respond to a smaller positive pulse than 
& negative pulse. Alternatively, if D1 is near the valley and D2 well below 
the peak, the binary would respond to a smaller negative pulse. 
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Fig. 18-19 The first two stages of a tunnel-diode counting chain. 


Circuits using tunnel diodes with peak currents in the range of tens of 
milliamperes, resistances F of the order of 50 Q, and inductances L of the order 
of hundreds of nanohenrys are able to respond at frequencies in the range of 
hundreds of megacycles per second. 


A Scaler A tunnel-diode counter is shown in Fig. 18-19. Depending on 
the design of the binaries, a succeeding binary will respond when it receives either 
a positive or negative trigger from the preceding binary. So long, however, as 
the binary responds to a pulse of only one polarity the counter will operate 
precisely in accordance with the principles established in Sec. 18-1. The cir- 
cuit of Fig. 18-19 is somewhat sensitive to supply-voltage changes. Improved 
performance may be obtained by using a transistor for interstage coupling. 


18-10 COUNTERS USING CURRENT-CONTROLLED 
NEGATIVE-RESISTANCE DEVICES”! 


In Secs. 12-8 and 12-9 current-controlled negative-resistance devices are con- 
sidered which can be turned off by a negative triggering signal at the gate 
terminal. These include the transwitch, trigistor, and thyristor. We shall 
now indicate how these devices may be incorporated into counters. Consider 
the circuit of Fig. 18-20. 

The output levels are 10 V (device orr) and 1 V (device on). We intend 
this circuit to be driven by an identical circuit and have therefore indicated in 
Fig. 18-20) an input signal v; which consists of transitions between these same 
two levels, Let us start with the input at the 10-V level and the output at 
this same level. Then the voltages at points A, C, and D are equal: 


Va = Veo = Vo = 10V 
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Fig. 18-20 (a) A binary circuit using a current-controfled negative-resist- 
ance device; (b) input and output waveforms. 


The voltage Vg = —1.5 V. Diode D1 is back-biased to the extent of 11.5 V 
while diode D2 has zero voltage across it, When, therefore, the input signal 
makes a 9-V negative-going transition at { = T,, this change is transmitted 
through D2 and C2 and the device is turned on. Now the voltages are 


Va = Ve =Vp=1V 


The voltage Vz is somewhat uncertain since gate current is flowing. We may 
reasonably estimate that Vz ~ 0. Now D1 is slightly reverse-biased and 
again D2 has zero bias. When, at t = T2, a positive-going transition occurs 
at the input, this transition is in the direction to reverse-bias the diodes. The 
signal is therefore not transmitted and the device does not respond. With 
the input again at 10 V, diode D2 is back-biased to the extent of 9 V while 
diode D1 is reverse-biased to the extent of only about 1 V. When, then, the 
next negative input transition occurs at ¢ = T3, the change is transmitted 
through D1 and not through D2. As a result the device returns to its OFF 
state. The overall result is that the circuit does not respond to positive-going 
transitions but responds only to negative-going transitions by alternately 
changing states from on andorr. The circuit therefore satisfies the conditions 
required; so it may be used as the binary device in a counting chain. 


18-11 RING COUNTERS!” 


A chain of binaries in which the first is coupled to the second, the second to the 
third, and so on, with the last coupled back to the first, is called a ring counter. 
In such a counter each binary device receives its triggering signal directly 
from the external triggering source. The coupling between flip-flops is not 
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for the purpose of triggering but rather for the purpose of favoring or “prim- 
ing” only one binary so that it alone will respond to the triggering signal. One 
stage of a ring counter is in the state 1 and all other stages are in the state 0. 
With each successive trigger the 1 state moves to the following flip-flop. 
Consider a ring counter with N stages. If the interval between triggers 
is T, then the output from any binary stage is a pulse train of period NT with 
each pulse of duration T. The output pulse of one stage is delayed by a time T 
from a pulse in the preceding stage. These pulses may be used where a set of 
sequential gating waveforms is required. Thus a ring counter is analogous 
to a stepping switch, where each triggering pulse causes an advance of the 
switch by one step. We consider now some examples of ring counters. 


Ring Counters Using Transistors Flip-flops using transistors (or tubes) 
may be used as elements in ring counters. The configuration required is a 
slight modification of that of a shift register. Consider, for example, that in 
the shift register of Fig. 9-41 the Y output of the last flip-flop FF0 in the chain 
is coupled back to the S input of the first flip-flop FF3 through a small delay A. 
Assume also that all flip-flops are in state 0 except FF3, which is in state 1. 
Then a pulse on the shift line will reset FF'3 to state 0 and the output of FF3 
will set FF2 to state 1. Succeeding pulses will transfer the state 1 progressively 
around the ring. 


Tunnel-diode Ring Counter? A tunnel-diode ring counter is shown in 
Fig. 18-21. Assume that binary A is in a state where diode D1A is at high 
voltage and low current while D2A is at low voltage and high current. Assume 
also that the remaining binaries are in the other state. Let us consider initially 
only the coupling of the input positive pulse to the junction of the two diodes. 
That is, assume that the leads between binaries have been opened at the 
points marked X. 

The positive pulse will reverse the state of binary A, for this pulse is of 
polarity jsuch that it raises the voltage across and the current through D2A 
and may therefore carry this diode above the peak of the characteristic. Simi- 
larly it lowers the voltage across and the current through D1A and may there- 
fore carry this diode below the valley. Both diodes, then, are being forced in a 
direction to induce a transition. The applied positive pulse can induce a 
transition in only one direction. Hence, the pulses which appear at the other 
binaries are not effective since D2B, D2C, etc., are already in the high-voltage 
state. 

Now let us reestablish the connections at the points X. The positive 
pulse transmitted to each binary through this connection may, if sufficiently 
large, induce a transition no matter what the state of the binary. Suppose, 
however, that we adjust the pulse amplitude and the resistors through which 
this signal is transmitted so that the pulse is not adequate to cause a transition. 
Then the situation is the following. The pulse applied to circuit A at the 
junction of the two diodes induces a transition, as a result of which a positive 
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Fig. 18-21 A tunnel-diode ring counter. 


step appears at this diode junction. The combination of this positive step 
together with the externally applied pulse induces a transition in B. Binaries 
C and D, not having the advantage of this combined effect of external pulse 
and signal from the preceding binary, do not change state. The overall result 
is that the state of binary A has been transferred to B, and A is in the same 
state as C and D. 


Unijunction-transistor Ring Counter! A ring-of-4 UST counter is shown 
in Fig. 18-22. The base-to-base supply voltage is Vez, and the emitter supply 
voltage V rz is provided through QO, which is initially in saturation so that the 
voltage across it is negligible. Let us assume that initially Q1 is on and all 
other UJTs are orr. The voltage at the emitter of Q1 will be in the neighbor- 
hood of the valley voltage Vy (Fig. 12-6), and all other emitters are at Ver. 
For the sake of being specific let us use UJTs whose characteristics are as given 
in Fig. 12-7, so that for Vep = 25 V we obtain Vy ~ 3 V. Let us select 
Vex = 10 V, which is comfortably below the emitter breakdown voltage cor- 
responding to Vaz = 25 V. N eglecting the small voltage across D1 and Ri 
we see that C, and C, are charged to 10 — 3 = 7 V but with opposite polarities 
as indicated. The other capacitors have zero voltage across them. 

Now let a positive pulse applied through Cy turn QO orr. ‘Then the 
emitter supply voltage has been removed and all UJTs go orr. Capacitor C, 
will discharge through Res, Rei, and D1. Assume that the triggering pulse 
has a duration adequate to allow C, to discharge. The capacitor C, cannot 
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Fig. 18-22 A UJT ring counter. 


discharge because of the polarity of D2. Accordingly, when the trigger pulse 
terminates, UJTs Q1, Q3, and Q4 will have the supply voltage Vaz = 10 V 
appear at their emitters. However, the voltage at the emitter of Q2 will be 
10+7=17V. We may see from Fig. 12-7 that 17 V is more than enough 
to cause Q2 to fire. The capacitor C,; may now discharge through the emitter 
of Q2 and thereafter recharge to 7 V in the opposite direction. Each succeed- 
ing trigger transfers the condition to the next UJT. 

The counter has as many states as it has UJTs. To set the counter in 
operation properly it is necessary to apply the base supply voltage before the 
emitter supply voltage. Otherwise, more than one UJT may go into conduc- 
tion initially. On the other hand, having observed this precaution with 
respect to the order of applying voltage, we shall find that no UJT has gone on. 
A momentary-contact switch in series with a resistor bridged between Vez 
and the emitter of one UJT will start the counter. 


Ring Counters Using Silicon Controlled Switches’® Ring counters using 
silicon controlled switches and other similar devices may be constructed in a 
variety of ways. Two representative circuits are shown in Fig. 18-23. In 
Fig. 18-23a it is assumed that the device (trigistor, thyristor, etc.) responds to 
both a turn-on and a turn-off pulse applied at the gate. When the device 
cannot be relied upon to respond to a turn-off pulse at the gate the circuit in 
Fig. 18-230 is used. 

In the ring-of-4 counter in Fig. 18-23a assume that all the devices are orr 
except one, say Q1. Then all anode voltages are at 10 V except the anodes of 
Q1 and D1, which are at about 1 V. The reference level of the input negative 
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triggering pulse is +10 V and the pulse makes excursions to +5V. The nega- 
tive pulse will be transmitted through all the diodes except D1. The pulse will 
have no effect on Q3 or on Q4, which are already orr. It will, however, turn 
orF Q1. The anode of Q1 will rise abruptly toward the positive supply voltage, 
as will also the anode of Dl. N eglecting the drop in D1, its anode rises from 
1to5 V. Hence, an abrupt change of +4 V will have been applied through 
the capacitor to the base of Q2, which consequently will turn on. The overall 


Fig. 18-23 Ring counters using silicon controlled switches. (a) Circuit which 
depends on the ability of a gate trigger to turn the device orF; (b) circuit in which 
the gate is not used to turn the device orr. 
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result is that the on state has been shifted from @1 to Q2. Successive pulses 
will continue this sequential shift around the ring. 

In the ring counter of Fig. 18-23b, the diodes are reversed from those in 
Fig. 18-23a, the triggering pulse is positive, and each anode is coupled through 
capacitors to the anode of each neighboring SCS. Assume Q1 is oN and all 
other devices are oFF. Then all diodes are reverse-biased to the extent of the 
supply voltage Vry except D1, which is only slightly reverse-biased. A posi- 
tive trigger pulse of amplitude smaller than Vyy will be transmitted only 
through D1 to the gate of Q2 and will turn iton. The abrupt drop in voltage 
at the anode of Q2 will be transmitted through C1: to the anode of Q1, which 
will drop below its maintaining voltage, and Q1 will go orr. This method of 
turn-off is discussed in Sec. 13-15. 


18-12 A SPECIAL GAS-FILLED COUNTER TUBE*® 


The basic decade counter, as we have seen, requires a minimum of four double 
triodes, The wide range of applicability of counters has naturally prompted 
investigations into the design of special tubes which would permit the con- 
struction of counters with a greater economy. In the present section we 
describe the Dekatron, a gas-filled counter tube which has many advantages, 
if counting speed is not an important consideration, 

The mechanical structure of the gas-filled counter tube is shown in Fig. 
18-24, and the circuit and typical component values are indicated in Fig. 18-25. 

The central anode in Fig. 18-24 is surrounded by 30 similar electrodes. 
Of these, 10 are cathodes, nine of which, Ki, Ka... ; K,, are brought out to 4 
common tube terminal, while the tenth, Ko, is brought out separately. Ten 
electrodes are referred to as guide No. 1 electrodes and are labeled 1G, 1G2, 
etc. The remaining ten electrodes are guide No. 2 electrodes and are labeled 
2G;, 2G2, ete. The 1G electrodes are brought out to a single tube pin and the 
2G electrodes are connected to another terminal. 

The tube operates as a cold-cathode glow-discharge tube. Let us assume 
initially that a glow discharge is taking place between the anode and the 


Fig. 18-24 Mechanical structure of a gas- 
filled counter tube. 
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cathode K,. Since the maintaining voltage of a glow discharge is smaller than 
the breakdown voltage, there is no likelihood that the discharge will of its own 
accord transfer to some other one of the cathodes. Since, furthermore, the 
guide electrodes are biased positively, there is similarly no possibility of a 
transfer of the glow to a guide electrode. Now suppose that a negative pulse is 
applied to the 1G electrodes of sufficient amplitude so that the voltage dif- 
ference between anode and the 1G electrodes exceeds the breakdown voltage. 
Of the ten 1@ electrodes, the 1G, electrode closest to K, will have the lowest 
breakdown voltage since it is closest to the region of the discharge where the 
gas is most heavily ionized. The discharge will therefore transfer prefer- 
entially to the 1G, electrode. The increased current which now flows through 
’ the anode-circuit resistor will lower the voltage between anode and K; to:a-value 
below the maintaining voltage, so that the discharge to K, will be extinguished! 
The net result is that the glow has been transferred from K, to 1G;. 

Now suppose that before the pulse applied to 1G has decayed, a negative 
pulse is applied to 2G which persists after the termination of the first pulse. 
Then the discharge will transfer to electrode 2G;. When finally this se¢ond 
pulse decays, the discharge will transfer to the nearest cathode, which in the 
present case is K, Ina sunlles way the discharge may be transferred to 
K3, Ka, ete. ‘ 

The single triggering pulse which is to be ‘used to ‘drive the counter must 
first be transformed before application to the counter tube | ‘into two pulses, 
which bear the time relationship indicated in Fig. 18-25.” Actually, except, 
where maximum counting speed is required, the shapes of the driving pulses for 
the tube are not critical and a very simple circuit will suffice. “One such ele- 
mentary circuit is shown in Fig. 18-26. The pulse to be counted is‘ used to 
trigger some type of pulse generator such as a monostable multi. The output 


Fig. 18-25 The method of driving and obtaining output from the 
Dekatron tube. The switch S is a normally closed reset switch. 


700 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 18-12 


Input triggers 


bias 


Fig. 18-26 One method of obtaining the guide waveforms for the 
Dekatron tube. 


from the multi is passed through an RC integrating circuit to obtain the 
required delayed-pulse-type waveform. The delayed pulse is applied to 2G, 
and the undelayed pulse is applied to 1G. The attenuator (2iR2) for the 
undelayed pulse is used to make the two pulses comparable in amplitude. 
The duration of the multivibrator output pulse must be long enough to allow 
adequate time for deionization of the gas in the counter tube along the previous 
discharge path. Since there are three operations involved in a transfer, i.e., 
transfer from K, to 1G,, 1G to 2G), and 2G, to K2, the multivibrator pulse 
duration should be roughly one-third the time interval between input trigger- 
ing pulses at the maximum counting speed. The deionization time is the 
principal factor which limits counting speed. The fastest multicathode 
counter tube operates with a counting speed of 20 kHz. 

Each trigger input pulse advances the glow from one cathode to the 
next so that every 10th pulse results in an output signal across the cathode 
load resistor in Fig. 18-25. This output signal may be used, if desired, to 
drive a succeeding counter. The current drain of the tube is comparatively 
small, a tube drawing typically only 0.6 mA from the supply voltage. The 
tube drop is of the order of 160 V, and the pulses required at 1G and 2G are of 
the order of magnitude of 100 V. The count of the tube is easily read since 
the glow at the cathode is visible through the top of the tube. A ring bearing 
numbers is mounted external to the tube, and the position of the glow indicates 
the count. Special-purpose tubes are also available in which all 10 cathodes 
are brought out individually. Such a tube makes available across 10 cathode 
resistors 10 sequential gating-type waveforms. Under these circumstances 
the tube behaves as a stepping switch or ring counter. Tubes are also availa- 
ble with 12 separate cathodes. Such a tube could be used, depending on the 
external cathode connections, to divide by 2, 3, 4,6, or 12. Lastly, it is worth 
noting that if the connections to 1G and 2G are reversed, the tube will count 
backward, that is, it will subtract instead of add. 
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18-13 A VACUUM-TYPE COUNTER TUBE)” 


We now discuss a vacuum-type counter tube which is designated generally as a 
trochotron, beam switching tube, or Beam-X switch. It will be necessary, first, 
to make a short digression to review the nature of the motion of an electron in 
perpendicular electric and magnetic fields. 1* 


Electron Trajectories The path of an electron in uniform perpendicular 
electric and magnetic fields, illustrated in Fig. 18-27, is termed a trochoid. The 
solid-line path a of Fig. 18-27 corresponds to the circumstances in which the 
electron is introduced into the fields with zero initial velocity. In this case 
the path is a common cycloid and has sharp cusps. In the more general case 
of nonzero initial velocity the path may have subsidiary loops, as in curve 6, or 
blunted cusps, as indicated in curve c. 

It is to be noted particularly that the motion of the electron in the direc- 
tion of the electric field (Fig. 18-27) is oscillatory and of restricted amplitude 
which is proportional to the electric field intensity. The general motion of 
the electron (upon which the oscillatory motion is superimposed) is in the 
direction perpendicular to the electric field, that is, parallel to the electric 
equipotential surfaces. Assume that a cathode at O in Fig. 18-27 serves as a 
source of electrons, the electrons being emitted with a distribution of initial 
velocities. Then individual electrons will follow trochoidal paths, but the 
electrons generally will form a broad beam which follows an equipotential. 

Anelectrode placed in a vacuum tube which has a trochoidal electron beam 
has two important properties. The first of these is its ability to guide the 
direction of the beam; the second is referred to as the self-locking feature. We 
examine first the guiding property. Consider the simple configuration indi- 
cated in Fig. 18-28. Here two parallel plates maintained at +V’ and —V’, 
respectively, provide an electric field, while a magnetic field exists perpendicu- 
lar to the figure. A cathode K maintained at 0 V, and situated midway 
between the plates, emits electrons. These electrons leave the cathode and 
individually follow a trochoidal path. The beam, however, is guided by the 
0-V equipotential. Suppose now that the electrode S is also maintained at 
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Fig. 18-27 The trochoidal paths of electrons in perpen- 
dicular electric and magnetic fields. 
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Fig. 18-28 The guiding effect on an 
electrode S near a trochoidal beam. 


0 V. Then the 0-V equipotential intersects the electrode S and the beam 
follows path 1 and will be collected. If, however, the electrode S is main- 
tained at less than 0 V, the 0-V equipotential passes above the electrode and 
the beam follows path 2. Similarly, if the electrode is maintained at a voltage 
higher than 0 V, the beam follows path 3. 

The self-locking feature may be appreciated by considering the volt- 
ampere characteristic of the electrode S in the presence of the trochoidal beam. 
A plot of current, J versus V, for the electrode S will clearly have a maximum 
at V = 0 V, since at this voltage the beam goes directly toward the electrode. 
As V is varied in either direction, the current decreases as the beam moves to 
one or the other side of the electrode. The general appearance of the 
volt-ampere characteristic is shown in Fig. 18-29. If the electrode voltage V 
results from the application of a voltage Vs through a resistor R,, the resultant 
electrode current may be determined by superimposing the load line on the 
volt-ampere characteristic. There are three equilibrium points, given by A, 
B, and C in Fig. 18-29. Of these, point B is unstable, since here a change in 
electrode current in either direction changes the electrode voltage in such a 
direction as to cause an additional current change in the same direction. In 
other words, to the right of the maximum the volt-ampere characteristic 
exhibits a negative resistance. We are left, then, with two stable points A 
and C. Suppose that the initial operating point is at A. If the electrode 


Load line (Rg ) 


0 Ves Vv 


Fig. 18-29 The volt-ampere characteristic of an electrode near 
a trochoidal beam. : 
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voltage is lowered temporarily, the beam may then be directed toward the 
electrode. The current collected by this electrode may now maintain the 
electrode at reduced voltage and the operating point will be shifted perma- 
nently, ie., locked at point C. The current at operating point C is less than 
the total beam current and may, as a matter of fact, be made a very small part 
of the total current if 2, is large. The beam then barely skims along the sur- 
face of the electrode S and the rest of the beam current may be collected, if 
desired, by an auxiliary collector plate, not indicated in Fig. 18-28. Observe 
that the beam is in a stable position when it skims along one side of the elec- 
trode S but not when it skims along the other side. 


The Beam-X Switch The structure of the tube is shown in Fig. 18-30. It 
consists of ten identical groups of four electrodes each: a spade, a target, a 
shield, and a switching grid. The spade serves the function of the electrode S 
in Fig. 18-28. In operation, the beam skims along one side of the spade. The 
spade collects a small part of the beam current, and the remainder of the cur- 
rent is collected by the target, which provides the output signal. The target 
electrodes are bar magnets and therefore serve also to provide the required 
magnetic field parallel to the tube axis. The shields serve to isolate each target 
from the fields of the neighboring targets and to collect any current not col- 
lected by the target when the tube operation carries the target to a very low 
voltage. The switching grids are used to direct the beam from one electrode 
group to the next with each successive input pulse. 

To understand qualitatively the operation of the tube let us assume that all 
the electrodes are initially maintained at some common positive voltage with 
respect to the cathode. Then, at least near the cathode, the equipotential 
surfaces will be cylinders about an axis passing through the cathode. The 
electron path follows the equipotentials, and therefore the electrons will 
encircle the cathode and at the same time oscillate back and forth radially. 


Spade (beam forming 
and locking element ) Target (output electrode 
and magnet) 
Cathode Switching grid 
(odd) 
Switching grid 
(even) 


Shield grid 


Fig. 18-30 Cross-sectional structure of the Beam-X switch. 
(Courtesy of Burroughs Corporation, Plainfield, N.J. The 
designation Beam-X is a registered trade name.) 
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Fig. 18-31 Illustrating beam formation and equipotential 
surfaces in the presence of the beam. 


The amplitude of these trochoids increases with increasing voltage between 
cathode and electrodes. We assume that this voltage is not adequate to cause 
the radial amplitude to extend to the electrodes, so that no current is collected. 

Now suppose that the voltage of one spade is temporarily lowered. Then 
the equipotential surfaces must be modified to the form shown in Fig. 18-31. 
In going from the cathode to the spade of lowered voltage we must cross a 
“saddle point” (a point where two equipotential surfaces of common potential 
touch). For in going from cathode to spade we move initially in the direction 
of higher electrical potential and then, at the saddle point, the potential 
begins to decrease. Consider, then, electrons which were initially encircling 
the cathode in the neighborhood of the equipotential which passes through the 
saddle point. As they travel along this path and reach the saddle point, they 
need not continue around the cathode but may instead follow the equipotential 
which carries them along the side of the spade. Because of the oscillatory 
motion of the electrons in the direction perpendicular to the equipotentials, 
some current will be captured by the spade. The spade is connected to a power 
supply through a resistor. Hence, when some external agency lowers the 
spade voltage to the point where the spade intercepts some beam current, the 
locking action described above will keep the beam in place. The current not 
intercepted by the spade will be collected by the target. 

Five alternate switching grids are connected together and constitute the 
odd grids. The remaining alternate switching grids are also connected together 
and are called the even grids. Suppose that the beam, in approaching the spade 
and target which are collecting the electrons, passes near an odd grid. Then if 
this grid is driven negative, it will repel the beam and drive the electrons to the 
next spade and target, whose corresponding even grid is not negative. The 
application of a negative pulse to the odd grids has advanced the beam from 
one target to an adjacent target. Since the beam is now locked in the neigh- 
borhood of an even grid, the subsequent application of a negative pulse to the 
even grids will repel the electrons and force the beam to lock on the adjacent 
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spade. Clearly, successive switching is achieved by applying negative pulses 
alternately to the odd and even grid groups. 


A Beam-X Counter A counting circuit is shown in Fig. 18-32. The sup- 
ply Vs is of the order of 100 V. The space load resistance R, is of the order 
of 150 K, and the target load resistance R, is of the order of 3.3K. The switch- 
ing-grid bias voltage is of the order of 50 V, and negative pulses of the order of 
55 V are used to achieve the switching. The triggered flip-flop is coupled to 
the grids through differentiating circuits that include diodes to suppress the 
positive pulse which would otherwise result when a flip-flop output made a 
positive-going excursion. A sequential series of gating voltages comparable in 
amplitude to the supply voltage is available at the targets. The maximum 
operating speed is about 2 MHz. 

When the supply voltage is first applied, the tube may be at cutoff, with 
the beam circling the cathode and with no electrode collecting current. A 
negative reset pulse applied to one spade, say No. 0, will lock the beam to that 
spade. After this condition is achieved it is necessary that the state of the 
binary be such that the first trigger applied to the flip-flop will advance the 
beam to the next target. Hence the reset pulse is applied to the binary as 
well as to spade No. 0. 

The count in the Beam-X switch may be indicated visually by employing 
a Nixie tube (trade name of Burroughs Corporation). The Nixie indicator is 


Ves 


Input trigger 


Fig. 18-32 A Beam-X counting tube circuit. (Courtesy of Burroughs Corporation.) 
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a cold-cathode gas-discharge tube with a single anode and 10 cathodes, which 
are wires shaped in the form of the numerals “0” through “9,” These cathodes 
are connected to targets “0” through “9,” respectively, of the Beam-X switch 
and the anode is connected to a fixed supply voltage. When, for example, the 
seventh pulse has caused target ‘‘7” to collect current, then the cathode gow in 
the Nixie tube causes the numeral “7” to be visible. 


18-14 STORAGE COUNTERS” 


We consider now a circuit, known as a storage counter, which operates on a 
principle that is basically different from the counters previously described. 
A two-diode storage-counter circuit is shown in Fig. 18-33. - Let. us neglect, 
for the present, the voltage-operated discharge switch and consider the output 
waveform v which results from the application te the circuit of a train of 
negative pulses of amplitude V. To simplify the discussion we assume that 
the pulse starts at a base level of 0 V. Since the input is applied through a 
capacitor, this assumption has no essential bearing on the discussion. 


Principle of Operation Assume initial zero charge on the capacitor C1 
or C2. The first input pulse will cause the capacitor C, to charge through 
the diode D1. The time constant with which C, charges is the product of Cy 
times the sum of the diode and generator resistances. If this time constant 
is very small in comparison with the duration of the pulse, then C, will charge 
fully to the value v; = V, with the polarity indicated. During the charging 
time of Cy, the diode D2 does not conduct and the voltage across C’, remains at 
zero. At the termination of the input pulse, the capacitor C, is left with the 
voltage v: = V, which now appears across D1 and across the series combination 
of D2 and C2. The polarity of this voltage is such that D1 will not conduct. 
The capacitor C, will, however, discharge through D2 into C, until the voltages 
across the two capacitors are equal. The time constant with which this trans- 
fer of charge takes place must be quite small in comparison with the interval 
between pulses in order to allow equilibrium to be established between the 
capacitor voltages. The capacitor C2 is ordinarily quite large in comparison 
with C;. Asa consequence the voltage change across C2 is small in comparison 
with the voltage », = V across Ci. The next input pulse restores the voltage 
on C, to V, and at the termination of the pulse C, discharges again into C2. 
Since now, however, C2 has some initial charge, the amount of charge trans- 


Fig. 18-33 A two-diode 


Voltage-operated 
storage counter. 


discharge switch 
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for the circuit of Fig. 
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ferred from C, to C; will be smaller than before. Hence the second increment 
of voltage across C; will be smaller than the first. Each successive input pulse 
will cause a progressively smaller step in voltage at the output, the output 
approaching asymptotically the voltage v. = V, asin Fig. 18-34. In this figure 
the voltage is plotted as a function of pulse number, and not time. If, how- 
ever, the pulses are regularly spaced in time, the plot of Fig. 18-34 also gives 
the output waveform. Note, too, as indicated, that. the voltage steps occur 
at the trailing edge rather than the leading edge of the pulse. 

The counter is completed by the addition of a circuit which operates as a 
switch shunted across Cz. This switch is normally open, but it closes when 
v, attains some preestablished reference value. One such switch circuit is 
shown in Fig. 18-35. The emitter of the blogking-oscillator transistor is main- 
tained at some positive voltage so that the transistor is initially below cutoff. 
The blocking oscillator responds when the voltage across C2, becomes high 
enough to bring the transistor out of cutoff. At this point the capacitor C. 


Voc 
Fig. 18-35 A blocking oscillator is used as 


a voltage-controlled discharge switch in a 
storage counter. 
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Fig. 18-36 The voltage across C2 in a 4:1 counter, showing the time 
relationships to the input and output pulses. 


discharges rapidly because of the large base current during the pulse formation, 
and at the same time an output pulse is furnished. In the present application 
the blocking oscillator serves as a comparator. Another device which may be 
used for this purpose is the unijunction transistor (Fig. 13-22). Quite gen- 
erally, then, when some type of comparator-operated switch is included in the 
circuit, a counter results and the waveform across C2 has the typical appearance 
shown in Fig. 18-36. Here the waveform has been drawn taking into account 
the possibility that the discharge switch may not discharge the capacitor C's 
to zero. The countdown ratio shown is 4:1, since the comparator response 
voltage has been set between the voltage levels corresponding to the third and 
fourth pulses. 


Step Size The counting ratio may be increased by raising the voltage at 
which the comparator responds. As the ratio is increased, however, the 
counter operation becomes progressively less reliable since the size of the steps 
decreases, This lack of reliability results from uncertainties in the level to 
which the voltage across C2 drops at discharge and uncertainties in the oper- 
ating voltage of the comparator. An expression showing how the step size 
decreases with pulse number may be derived as follows. Suppose that after 
the nth pulse has produced the nth step the net voltage across Czisv, Now 
let the (n + 1)st pulse be applied. After the trailing edge of this pulse, diode 
D1 is open, D2 is closed, and the voltage across Ciis V. An equivalent circuit 
for computing the jump in voltage across C, when D2 conducts is shown in 
Fig. 18-37, in which S represents the diode D2. From elementary electro- 
statics we find that the voltage vn41 across C, after the (n + 1)st pulse is 

C1 


Un41 = Un + (V = Un) G+; (18-4) 
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Fig. 18-37 Equivalent circuit for computing the step 
size at C2. 


If we introduce y,, defined by 
Yr =U V (18-5) 


then Eq. (18-4) reduces to the homogeneous equation 


Ynti = Yn — CoG, Yn (18-6) 
or 
Ynai = LYn , (18-7) 
where 
_ Cs 
ak oR of cee) 


Since the change in y, is proportional to y,, we may anticipate that y, will 
vary exponentially with n. Hence, we shall seek a solution of the form 


Yn = Aer (18-9) 


where A and «@ are to be determined so as to satisfy Eq. (18-7) and the proper 
initial condition. Substituting Eq. (18-9) into Eq. (18-7), we find 


Agt@tD = 7A ear or ef=2 (18-10) 
Hence y, = Ax" and, from Eq. (18-5), 
tn = V+ Aa (18-11) 


The initial condition is that the capacitor voltage v, equals V’ for n = 0, 
and hence A = V’— V. Finally, the complete solution is 


vn = V— (V — V')a" (18-12) 
The difference between the (n + 1)st voltage level and the nth level is 
Unt1 — Un = (V — VV’) — 2)x" (18-13) 


If, for example, V — V’ = 100 V and C2 = 9Ci, then xz = 3%; and the first 
step has an amplitude of (100)(1 — 3%) = 10 V. The 11th step, on the other 
hand, is 100(1 — 48) (q%)?° = 3.5 V. 


Practical Considerations Because step size decreases with n and because 
of the instability in the value of V’, the comparator response voltage, and 


a 
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amplitude of input pulse, storage counters are normally not used for counting 
ratios larger than about 10. Storage counters, of course, may be cascaded to 
secure large counting ratios in the same manner that binary counters are cas- 
caded. An important limitation of storage counters is that they may be used 
ordinarily only to count pulses which occur fairly regularly. This feature 
results from the fact that the count is determined by the charge on a capacitor, 
and this charge will leak off slowly because of capacitor leakage or through the 
resistance of any device which is used to read the count. The leakage problem 
is complicated by the fact that the capacitors must be able to charge rapidly 
and must therefore be quite small. Still, where storage counters are applicable, 
they often effect a worthwhile economy of components over comparable 
binary counters. In comparing the binary and storage counters for economy, 
one must keep in mind that the storage counter must be driven from a pulse 
source of large and constant amplitude and of low impedance. The pulses 
must be of reasonably rectangular shape. 

The counter of Fig. 18-33 may be operated with a positive input pulse. 
In this case C, charges first through D2 and thereafter discharges through D1. 
The step at C2 then occurs at.the leading edge of the input pulse. Similarly, 
with either polarity of input pulse, the counter may be operated with both 
diodes reversed. In these latter cases the steps in voltage across C2 are in the 
negative direction. 


18-15 LINEARIZATION OF STORAGE COUNTERS 


It is possible to extend somewhat the counting ratio of a storage counter by 
linearizing the envelope of the step waveform of Fig. 18-34 to yield steps of 
more nearly equal amplitude. The methods used to achieve this end are 
essentially the same as those used to linearize time-base waveforms, that is, 
bootstrapping and Miller integration (Chap. 14). 


The Bootstrap Configuration Consider the circuit of Fig. 18-33 modi- 
fied so that the anode of D1 is returned to a positive voltage ve rather than to 
ground. Under these circumstances, immediately after the input pulse the 
voltage across C, is V + vp rather than V. Hence from Eq. (18-4) 


AUn = Vag — Un = (V + UR — Yn) ote (18-14) 


where Av, gives again the size of the nth step. If, then, we arrange to make 
vp equal to v,, the step size will be independent of n. A cathode follower 
with nominally unity gain, as in Fig. 18-38, will achieve the desired end. 
It is not necessary that vg be instantaneously equal to v,, since it is sufficient 
that vp follow the general rise of the output voltage »,. A capacitor C may 
therefore be shunted across the output of the cathode follower to assist the 
rapid charging of C,. 
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Fig. 18-38 Use of the bootstrap principle to make counter 
steps equal in amplitude. (See text for modifications neces- 
sary to convert this circuit into a practical form.) 


Although the circuit of Fig. 18-38 illustrates the bootstrapping principle, 
it ig not a practical circuit. Let us consider the quiescent condition when 
no pulses are present and the supply voltages are first applied to the cathode 
follower. Since the grid-to-ground voltage v, is initially zero, the cathode-to- 
ground voltage vp of the triode is a few volts positive. This positive voltage 
causes both D1 and D2 to conduct, and the voltage v, increases. . This’ rise 
in grid voltage causes vz to increase, which, in turn, raises v, still further. This 
action continues until », equals vg, so that the grid-to-cathode voltage is zero. 
If @ pulse were now applied, this would tend to drive the grid positive and the 
circuit would not operate properly. 

The above difficulty can be avoided by returning the anode of D1 to a 
tap on the cathode resistor R, such that the voltage vz is less than zero when 
the voltage v, = 0. This connection will reduce the gain of the cathode 
follower and cause the output to be somewhat less linear with the number of 
input pulses. However, if Vxx is large, the tap will be close to the cathode 
and the reduction in linearity will not be great. 

A second method for avoiding the d-c instability of the circuit of Fig. 
18-38 mentioned above ig to reverse both diodes D1 and D2. With no input 
pulses and the voltage across C, equal to zero, the voltage ve will be a few 
volts positive, say V.. Hence, diodes D1 and D2 cannot conduct, and the 
action described above does not take place. The amplitude of the input 
pulse must exceed V, or D1 will never conduct. It should be mentioned that 
in the two circuits just discussed the voltage across ('; will become negative 
in the quiescent condition because some small grid current flows even for 
negative grid voltages. 

An emitter follower [or if higher input resistance is required, a Darlington 
cascade (Fig. 14-39)] may be used in place of the cathode follower in Fig. 18-38. 
Since the emitter of an n-p-n transistor operating in the active region is a few 
tenths of a volt negative with respect to the base, then diodes D1 and D2 will be 
reverse-biased in the quiescent state. Hence this circuit, unlike the tube 
version, possesses d-c stability. 
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Fig. 18-39 Use of the Miller integrating principle with storage 


counters. 


The Miller Circuit A Miller integrator used to improve linearity is illus- 
trated in Fig. 18-39. Here the voltage v, between the cathode of D2 and 
ground remains nominally zero. If the voltage across C2 increases, then 
the bottom side of C2 falls by this same amount in order to keep v, constant. 
The virtual ground at the input terminals of the operational amplifier takes no 
current (Sec. 1-8). Hence, all the charge C,V which leaves capacitor C, must 
transfer to capacitor Cz. The increase in voltage across Cs is, therefore, 

Avg, = —Av, = Ca¥ (18-15) 
C2 
This equation verifies the fact that the output decreases by a constant amount 
for each input pulse. 


18-16 APPLICATIONS OF STORAGE COUNTERS 


Among the most important uses of storage counters are the following: 


ADivider For every n pulses into the counter, one appears at the output. 
The waveform in such an application is illustrated in Fig. 18-36 for n = 4. 
The pulses must be fairly regularly spaced, although an exactly constant 
interval between pulses is not required. A storage counter is more economical 
as a divider than is a binary counter. Frequency division is considered in 
more detail in Chap. 19. 


Staircase Voltage Generator The staircase waveshape of Fig. 18-36 is 
frequently useful to vary some voltage in a step fashion. The staircase 
generator of the sampling oscilloscope (Fig. 17-39) is such an application. 
The storage-counter waveform may also be used to trace out a family of 
transistor (or tube) volt-ampere characteristics on a CRO. In this applica- 
tion each step of the staircase corresponds to a particular constant value of 
base current (or grid voltage). 


Frequency or Counting-rate Meter If the capacitor C2 in Fig. 18-33 is 
shunted by a resistor R, then the counter may be used as a frequency meter. 
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Let V be the pulse amplitude and f be the pulse-repetition frequency. If 
CiRf <1 and C2 > Cj, then (Prob. 18-23) the average output voltage is 


Vao = VCiRF (18-16) 


Thus, for given values of C,, R, and V a high-impedance voltmeter placed 
across the output may be calibrated in frequency or in pulses per unit time. 
Such a meter has found extensive application in nuclear radiation measure- 
ments? and in frequency-modulation radar systems.?! 


Capacitance Meter If a known frequency is applied to a storage counter 
which has been modified so that Eq. (18-16) is valid, then the output voltage 
is proportional to the capacitance of C,. Hence, this device may be used as a 
capacitance meter. 
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SYNCHRONIZATION AND 
FREQUENCY DIVISION 


A pulse or digital system may involve several different basic waveform 
generators. Such a system may require that these generators run 
synchronously, that is, in step with one another, so that each generator 
arrives at some reference point in its cycle at the same time. The fre- 
quency stability of waveform generators is never adequate to ensure 
synchronism. Even a very small frequency difference between gener- 
ators will eventually cause the accumulation of a large error. In many 
pulse systems it is required that the individual generators be synchro- 
nized but be permitted to operate at different frequencies. We may 
require, say, that one generator complete exactly some integral number 
of cycles while a second generator executes only one cycle. Such a 
situation is very common in pulse and digital systems and is described 
as synchronization with frequency division. 

This chapter discusses the mechanism of synchronization on a one- 
to-one basis and also synchronization with frequency division. The 
two processes are basically so nearly alike that no clean-cut distinction 
will be drawn between them. 

The counting circuits of Chap. 18 may, of course, be used for fre- 
quency division. These counting circuits, with the exception of the 
storage counters, do not depend for their operation on the regularity of 
recurrence of the input waveform. If, say, the input signal consists of 
pulses, the counters will divide correctly, independently of whether the 
pulses occur regularly or in a random fashion. In the present chapter, 
however, we contemplate only the case of an input waveform of a 
nominally fixed recurrence rate. This feature, as we shall see, permits 
considerable economy in the circuits which may be used to achieve 
division. 
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19-1 PULSE SYNCHRONIZATION OF RELAXATION DEVICES 


The term “relaxation circuit” is applied to any circuit in which a timing 
interval is established through the gradual charging of a capacitor, the timing 
interval being terminated by a relatively abrupt discharge (relaxation) of the 
capacitor. The relaxation circuits which have been described in earlier 
chapters include the sweep generator, the blocking oscillator, the multivibrator, 
and the phantastron circuit. Each of these circuits has in common a timing 
period and a relaxation (or recovery) period and each exists in an astable or 
monostable form.t The mechanism of synchronization and frequency division 
is basically the same for all of these relaxation devices. 

In the monostable form, the matter of synchronization (1:1 division) 
to a pulse-type waveform is a trivial one. The circuit normally remains 
in a quiescent condition and awaits the arrival of a triggering pulse to initiate 
a single cycle of operation. It is only necessary that the interval between 
triggers be larger than the timing interval and recovery period combined. 

The important features of pulse synchronization of an astable relaxation 
device may be exposed by examining the mechanism in connection with any 
of the circuits mentioned above. Let us select for consideration the sweep 
generator of Fig. 19-1a since this circuit is slightly simpler than the others. 
The block S represents a current-controlled negative-resistance switch such 
as a unijunction transistor, a silicon controlled switch, a thyristor, a gas 
thyratron, etc. (Fig. 14-6). In the absence of an external signal the capacitor 
stops charging when the voltage vc reaches the peak or breakdown voltage 
Vp of the negative-resistance device. Thereafter the capacitor discharges 
abruptly through the negative-resistance device (Fig. 14-7). In order to 
simplify the waveform drawings to follow we shall neglect the recovery time 
T, and assume that the capacitor discharges in zero time. When the capacitor 
voltage v¢ falls to the valley voltage Vy, the negative-resistance device goes 
orr and the capacitor begins to recharge. 

Synchronization to an external signal is possible because this signal may 
be introduced at the syne terminal in Fig. 19-la in such a manner as to change 
the peak voltage Vp. Thus, in the UJT, a negative pulse applied at B2 
(as in Fig. 14-6) will lower Vp, whereas in the SCS, the thyristor, and the 
thyratron a positive pulse applied at the gate, the base, or the grid will serve 
the same purpose. 

The situation which results when synchronizing pulses are applied is 
illustrated in Fig. 19-10. The effect of the sync pulse is to lower, for the 
duration of the pulse, the peak or breakdown voltage as indicated. A pulse 
train of regularly spaced pulses is shown starting at an arbitrary time ¢ = 0. 


+ The so-called “‘monostable multi” can be rendered astable, as described in Sec. 11-11. 
Similarly the so-called “astable multi’ may be rendered monostable by applying an appro- 
priate fixed negative bias to one triode. The essential distinction between these circuits is 
that the monostable multi has a single timing period and a single recovery interval, whereas 
the astable circuit has two timing periods and two recovery intervals per complete cycle. 


718 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS : Sec. 19-2 


Peak or 
breakdown 
t=0 = 
ioe voltage Vp 


UU * 
VAVAV 


Fig. 19-1 (a) A sweep generator; (b) an initially unsynchronized generator falls 

into synchronization shortly after the application of synchronizing pulses; (c) illus- 
trating that, for synchronization to result, T, must be less than 7; (d) illustrating 

failure of synchronization due to inadequate amplitude of sync pulses. 


The first several pulses have no influence on the sweep generator, which con- 
tinues to run unsynchronized. Eventually, however, the exact moment at 
which the negative-resistance device goes oN is determined by the instant of 
occurrence of a pulse (at time T in Fig. 19-1b), as is also each succeeding 
beginning of the on interval. From this point on, the sweep generator runs 
synchronously with the pulses. 

In order that synchronization may result, it is necessary that each pulse 
shall occur at a time when it may serve to terminate the cycle prematurely. 
This requirement means that the interval between pulses, 7, must be less 
than the natural period, 7, of the sweep generator. In Fig. 19-1c the case is 
shown in which T, > T,. Here synchronization of each cycle does not occur. 
The pulses do serve to establish that four sweep cycles shall occur during the 
course of three pulse periods, but synchronization of this type is normally of no 
value. Even if the requirement T, < T, is met, synchronization cannot result 
unless the pulse amplitude is at least large enough to bridge the gap between the 
quiescent bréakdown voltage and the sweep voltage vc. In Fig. 19-1d we have 
the case where T, is less than JT. as required, but the pulse amplitude is too 
small.and again synchronization does not result. 


19-2 FREQUENCY DIVISION IN THE SWEEP CIRCUIT 


In Fig. 19-2 we have a case in which 7, < 7’, but in which the pulse amplitude 
is too small to permit each pulse, to terminate a cycle. The sweep cycles are 
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therefore terminated only by the alternate pulses marked “2” in the figure. 
The pulses marked “1” would be required to have an amplitude at least equal 
to V; if they were to be effective. The pulses marked “2” are effective 
because they occur closer to the time when the cycle would terminate of its own 
accord. The sweep generator now acts as a divider, the division factor being 2, 
since exactly one sweep cycle occurs for each two synchronizing pulses. If 
T, is the sweep generator period after synchronization, we have T,/ Ty, = 2: 
Note that the amplitude V; of the sweep after synchronization is less than the 
unsynchronized amplitude V,. 

Suppose, referring again to Fig. 19-2, that T, is progressively decreased. 
Eventually a point would be reached where even the alternate pulses would 
be too small in amplitude to fire the switch device. At this point it might be 
that T, > 3T,, in which case division by a factor of 3 would result. If the 
condition T, > 37’, were not met, then again we would have no synchroniza- 
tion. If, on the other hand, we make the pulse amplitude large enough, we may 
make sure that every (n + 1)st pulse is in a position to ensure synchronization 
before the nth pulse loses control. 

The general behavior of the circuit for regularly spaced pulses of varying 
pulse period and pulse amplitude is illustrated in Fig. 19-3a. This diagram 
may be verified by making sketches such as that in Fig. 19-2. The amplitude 
scale extends from 0 to V., where V, is the total sweep amplitude. (The 
amplitude and polarity of the pulse at the sync input of Fig. 19-1a correspond- 
ing to the pulse amplitude in Fig. 19-2 will depend on which switching device 
is being used.) The shaded areas of the diagram represent the regions of 
synchronization, unshaded areas regions of lack of synchronization. The 
diagram is to be interpreted in the following way. Suppose that the pulse 
amplitude is fixed at Vi. Then as the ratio T,/T, decreases from 1, there 
will be a range during which 1:1 synchronization will hold, followed by a range 
of no synchronization, followed by a range of, synchronization in which 2:1 divi- 
sion will result, followed again by a range of no synchronization, and so on. 
If, on the other hand, the pulse amplitude is large, say V2, then with decreasing 
T,/T., synchronization will always hold, the division changing abruptly from 
1:1 to 2:1 to 3:1, and so on. ' 


Fig. 19-2 Frequency division by a factor of 2 in a sweep 
generator, 
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Fig. 19-3 (a) The ranges of synchronization for a sweep 
generator as a function of pulse amplitude or frequency. 
The sweep waveform is assumed to be linear. (b) The 
counting ratio as a function of pulse amplitude for 


Solfo ™ 4.5. 


Next suppose that we maintain a fixed value of T,/T., say } < T/T. <,t- 
Then as the pulse amplitude is increased from zero, we shall initially have 
no synchronization, followed by ranges of synchronization where the counting 
ratio is first 4:1, then 3:1, then 2:1, and finally 1:1. The transitions in 
counting ratio are abrupt. This last-described characteristic is of much 
interest and is often represented in the form shown in Fig. 19-3b. Here the 
counting ratio is plotted as a function of pulse amplitude for the case where 
T,/T. ~ 1/4.5, the ratio of pulse frequency to natural frequency being 
So/fo = 4.5. We emphasize that as the pulse amplitude increases, the counting 
ratio decreases and the sweep amplitude also decreases. 
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19-3 OTHER ASTABLE RELAXATION CIRCUITS 


The synchronization and use for counting purposes of other types of relaxation 
oscillators differ only in detail and not in basic principle from the synchroniza- 
tion of the time-base generator. 


Blocking Oscillator The use of a blocking oscillator to accomplish pulse- 
recurrence-frequency (PRF) division by a factor of 4 is illustrated in Fig. 19-4. 
Positive sync triggers are introduced through a separate transistor Q2, as in 
Fig. 16-7. These positive triggers appear at the common collector as negative 
triggers and, inverted by the transformer, appear as positive triggers at the 
base of Q1. The waveform »; across the RiC: combination (Fig. 16-15) is 
shown in Fig. 19-4b. During the interval t, of the pulse generated by the 
blocking oscillator the capacitor charges and at the end of the pulse, v; = Vi. 
Then the voltage v, decreases, and in the absence of synchronizing pulses, a 
new blocking-oscillator pulse would form when », falls to the level Vez — V,. 
The injected triggers are shown superimposed on the level Ves — V,. The 
important point is that a pulse (No. 4) occurs at a time and has a sufficient 
amplitude to cause a premature firing of the oscillator. The oscillator there- 
fore fires at a moment dictated by the occurrence of a trigger and is not per- 
mitted to terminate its cycle naturally. The synchronizing characteristics 
given in Fig. 19-3 for the sweep generator may be applied directly to the 
blocking oscillator, provided only that the sweep amplitude V, is replaced by _ 
the corresponding amplitude Vi — Vaz + V, for the blocking oscillator and 
provided that t, « T,. 


Astable Multi! The astable multi in Fig. 19-5a may be synchronized or 
used as a divider by applying positive or negative triggering pulses to either 


(a) 


Fig. 19-4 (a) Sync signal is applied to blocking-oscillator transistor Q1 through 
Q2; (b) the waveform #; across RC, of Q1 showing PRF division by 4. 
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Fig. 19-5 (a) An astable multi; (b, c) base waveforms for division by 6 through the 
application of positive pulses to one base; (d, e) base waveforms for division by 
5 through the application of negative pulses to both bases. 


transistor or to both transistors simultaneously. These pulses may be applied 
to the collector, base, or emitter. If, for example, positive pulses are applied 
to B, or C2 or negative pulses to E,, these triggers may produce synchroniza- 
tion by establishing the exact instant at which Q1 comes out of cutoff. If 
negative pulses are applied to B or to Ci, or positive pulses are applied to Ez, 
then when Q2 conducts, these pulses will be amplified and inverted and appear 
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as positive pulses at B;. Hence again the pulses may establish the instant 
when Q1 comes out of cutoff. It must, however, be borne in mind that nega- 
tive pulses will not be effective unless they succeed in moving the transistor at 
least slightly into the active region. Therefore such negative pulses must be 
large enough in amplitude and be supplied from a low enough impedance 
source to divert. enough current from the base to draw the transistor out of 
saturation. The polarities referred to above are appropriate for the n-p-n tran- 
sistors indicated and must be reversed if p-n-p devices are under consideration. 

In Fig. 19-56 and c are shown waveforms for the case where positive pulses 
are applied to one base, say B;. The division ratio is 6. Thecycle would 
normally have terminated at t = T, when the base voltage reached the cutin 
level V,, as shown by the dashed extension of the base waveform in Fig. 19-5b. 
The cycle is prematurely terminated at the sixth pulse since the amplitude of 
the sixth pulse added to the base waveform B,, at the time of the sixth pulse, 
raises the base voltage above V,. Observe that while the complete multi 
period has been synchronized, the individual portions have not been synchro- 
nized. Thus 7” in Fig. 19-5c is the same as it would be without synchronization 
because the waveform at B, is unaltered by the application of syne pulses. 

If a vacuum-tube multi is used rather than a transistor multi, the operation 
is essentially the same as that described above. An interesting, although not 
particularly significant, difference in waveforms is observable in the two cases, 
With transistors, when positive pulses appear at the base of the transistor 
which is on, the transistor is driven further into saturation, but the correspond- 
ing response at the collector is negligible. With tubes, when positive pulses 
appear at the grid of the tube which is in clamp, the grid is driven further into 
the positive-grid region, and the response at the plate is pronounced. There- 
fore each time a positive pulse appears at the grid G, of the tube which is on, 
a larger negative pulse will appear at the plate of that tube and at the grid G, 
of the tube which is cut off. The waveform B: of Fig. 19-5¢ would represent 
such a grid waveform at G2, provided that we superimpose onto the exponential 
portion large negative pulses in time phase with the sync pulses. 

The situation illustrated by the base waveforms of Fig. 19-5d and e cor- 
responds to the case of application of negative pulses to both multi bases 
simultaneously. Here the division ratio is 5. Both timing portions of the 
multi waveform are synchronized and are necessarily of unequal duration 
since the division ratio is an odd number. The positive pulses superimposed 
on the exponential portions of the waveforms result from the combination 
of the negative pulses applied directly and the inverted and amplified (hence 
positive and larger) pulses received from the other transistor. 

A special situation of interest is illustrated in Fig. 19-6. Here positive 
pulses are being applied to B, through a small capacitor from a low impedance 
source. During the time when Q1 is conducting the base draws current at each 
' input pulse, At the end of the pulse the input capacitor discharges, giving 
rise to a negative overshoot. Alternatively, we may say that during the con- 
duction period of Q1 the pulse input time constant is small and the input pulse 
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Fig. 19-6 Synchronization of both portions of astable- 

multi waveform by applying positive pulses to one base 
through a small capacitance from a low-impedance source. 
Illustrating synchronization at B, resulting from pulse overshoot 
due to differentiation of input pulse. 


is quasi-differentiated. The negative overshoot is amplified and inverted by 
Q1 and appears at B» as a positive overshoot, which may then serve to mark 
the end of the cutoff period of Q2. Hence, the net result is that both portions 
of the multi cycle have been synchronized without the need for applying pulses 
to both transistors simultaneously. Observe that one portion of the cycle is 
terminated at the leading edge of a sync pulse and the second portion is 
terminated at a trailing edge of another pulse. 

The diagram of Fig. 19-3a does not apply directly to the astable multi. 
However, for any particular method of synchronizing and degree of sym- 
metry of the multi a similar diagram may be drawn. The general results 
deduced from Fig. 19-3a do, however, apply equally to the multi. That is, 
for large pulse amplitude the counting ratio makes abrupt changes as the ratio 
T,/T. is increased. For smaller amplitudes, regions of synchronization are 
separated by intervals of no synchronization. Similarly, for a fixed ratio 
T,/T>, a plot of counting ratio versus pulse amplitude has the same general 
appearance as in Fig. 19-30. 
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19-4 MONOSTABLE RELAXATION CIRCUITS AS DIVIDERS 


Frequency division through the use of a monostable relaxation device, in this 
case a monostable multi, is illustrated in Fig. 19-7. Input pulses may be 
applied at B, or C,, depending on the polarity. A coupling diode may be used 
(Fig. 11-21) to minimize the reaction of the multi on the pulse source. The 
waveform of Fig. 19-76 shows the voltage at Bz, Each fourth pulse causes a 
transition of the multi, the remaining pulses occurring at times when they are 
ineffective. Observe that while the total multi cycle, consisting of timing 
portion and recovery period, is synchronized, the separate portions are not 
synchronized. 

If positive pulses are applied, say, directly at B, through a small capaci- 
tance from a low-impedance source, a situation may arise similar to that illus- 
trated in Fig. 19-6 for the astable multi. Here the overshoot due to differen- 
tiation of the input pulse may serve ta terminate the timing cycle prematurely, 
as shown in Fig. 19-7¢. In this case the two portions of the multi waveform 
will be synchronized. More importantly, in this latter case the counting ratio 
will change with increasing amplitude of pulse input. If the overshoot is 
large enough, the exponential will be terminated by the overshoot at pulse 2 or 
pulse 1, in which case the counting ratio will become, respectively, 3 or 2. 
Finally, with a large enough overshoot, the timing portion will terminate at 
the trailing edge of pulse 4 and the circuit will not operate as a multi at all. 


4 1 2 3 4 1 
Input at B, 
i 
; Vor (sat) 
C 
E, 


(c) 


Fig. 19-7 (a) Monostable multi divider; (b) waveform at B, with no pulse 
overshoot; (c) waveform at B, with pulse overshoot. 
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19-5 STABILITY OF RELAXATION DIVIDERS 


There will normally be some small delay between an input pulse to a divider 
and the output pulse. This delay is referred to as a phase delay and results 
from the finite rise time of the input trigger pulse and the finite response 
time of the relaxation device. The phase delay itself is subject to variation 
with time due to variations in transistor or tube characteristics, supply volt- 
ages, etc. Occasionally some extraneous signal may be coupled unintentionally 
into the divider. Such a signal may have an influence on the exact moment at 
which a base waveform, say, reaches cutoff. In this case the phase delay 
may be subject to periodic variations. All these factors which affect the 
phase delay give rise to what is termed phase jitter. In a large-scale counter 
consisting of many stages, the phase jitter is, of course, compounded. In 
many applications phase jitter is of no particular consequence, but sometimes, 
particularly in connection with nanosecond pulses, it constitutes an important 
difficulty. 

A method for achieving division without phase jitter is illustrated sche- 
matically in Fig. 19-8 together with the waveforms depicting the operation. 
The train of regularly spaced input pulses (J) is applied to the divider input. 
The output of the divider consists of the pulses shown in waveform D. 
These latter pulses trigger a gating-waveform generator (say a monostable 
multi) which provides a gate of duration T, adequate to encompass each pulse 
labeled “1.” This waveform is applied to a sampling gate or coincidence 
circuit (Chap. 17) which is opened for transmission for the duration T,. The 
input pulse train is sampled, and the output waveform O then consists of each 


Fig. 19-8 Block diagram and waveforms for a divider without 
phase jitter. 
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pulse labeled “1.” We may take advantage of the phase delay between 
waveform J and D (not shown in the figure) together with the finite rise time 
of the gating waveform to ensure that pulse n does not pass through the 
gating circuit. The duration of the gate is not critical, since it is only required 
that the duration be longer than the interval between pulses and shorter than 
the interval between alternate pulses (T, < T, < 27,). Of course, the sam- 
pling gate must introduce no phase delay. 

A much more commonly encountered jitter in dividers and synchronized 
relaxation oscillators results from the instability of the natural timing period 
of the oscillator. This instability of period is caused principally by the 
variability of transistor or tube characteristics and may result either in a. 
loss of synchronism or an incorrect division ratio in a divider. For example, 
in an n:1 divider a change in natural timing period can cause the relaxation 
oscillator to fire at the (n — 1)st or the (n + 1)st pulse rather than at the 
nth pulse. Similarly, in a 1:1 synchronized device, if the natural period T, 
should drift and become smaller than the interval between pulses, then syn- 
chronization of each cycle will be lost. 

The factors which influence the stability of the natural period may be 
seen from Fig. 19-9. The timing waveform starts from an initial voltage V;. 
The timing waveform increases exponentially and asymptotically toward the 
final voltage V,, but the natural cycle is terminated when the waveform 
approaches some critical voltage V.. This voltage V, may be a cutin voltage 
V, of a transistor, as in a multi, or it may be the breakdown voltage Vp of a 
negative-resistance device, as in Fig. 19-1. The period T, is easily computed, 
but for the present we merely note that 7, depends on Vi, Ve, Vy, and the time 
constant of the exponential rise. The voltage V, is easily obtained from a 
regulated source, and no difficulty need be encountered in reducing the instabil- 
ity of the time constant to a negligible amount. The voltages V; and V,, 


Fig. 19-9 filustrating the factors which influence the 
stability of a relaxation divider. 
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however, depend on device characteristics. These voltages are stabilized 
only with the greatest difficulty and constitute the major source of timing 
instability. 

In Chap. 11 it is pointed out (Fig. 11-4) that it is customary to make V; 
large enough so that the portion of the timing waveform between V; and V, is 
approximately linear. In this way the change in T. with a variation in V, 
is reduced somewhat. It is worthy of note, however, that in some cases the 
variability. of V; exceeds by far the variability of V. and in such a case it may 
well be that a large value of V; will add to the instability. For suppose that 
V; is large enough so that the timing waveform is essentially linear between 
V; and V,. In this case a given percentage change in the voltage V. — Vs 
will clearly produce an equal percentage change in T.. On the other hand, it 
can be shown (Prob. 19-15) that if V; is reduced so that the timing interval 
T, is not linear, then a given percentage change in V. — Vi due toa variation in 
V; will produce less than an equal percentage change in T,. Hence, an attempt 
should be made to adjust the voltage V; so as to reduce the uncertainty in T. 
due to the variability of V; or V., whichever variability is the larger. 

The factors which determine the selection of the natural period T, and 
the amplitude of the synchronizing pulses may be seen from Fig. 19-9. If the 
timing waveform is nominally linear over the interval T., then the natural 
period should be chosen so that T, = (n + 3)T> and the pulse amplitude V. 
should be equal to the voltage change of the timing waveform between pulses. 
Such an adjustment in a divider will yield a fixed counting ratio over the 
maximum range of variation of V; or V.. And for such an adjustment the 
combined allowable variation in V; and V, is AV; + AV. = +4Va. If noise 
pulses of nominal amplitude V, are present, then this last equation should read 
V, + AVi+ AV. = +4Va. The most straightforward method of ensuring 
reliability of synchronization at a fixed division ratio is to keep the counting 
ratio low. In dividers which must operate without readjustment for long 
periods, a division ratio of 10 or less is customary. 


19-6 SYNCHRONIZATION OF A SWEEP CIRCUIT 
WITH SYMMETRICAL SIGNALS 


Up to the present we have considered the phenomenon of synchronization 
only for the case of pulse-type synchronizing signals. We have assumed that 
the synchronizing signal consists of a train of waveforms with leading edges 
which rise abruptly. We shall now consider the case in which the voltage 
variation of the sync signal is gradual rather than abrupt. Again, the mech- 
anism of synchronization is so nearly identical for all types of relaxation 
oscillators that we may without loss of generality select any one of them, say 
the sweep generator, for detailed consideration. 


Sinusoidal Syne Signal Consider the sweep generator of Fig. 19-la, 
which uses a current-controlled negative-resistance device as a switch. We 
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shall assume for simplicity that, as a result of the syne signal, the breakdown 
voltage of the switch varies sinusoidally. The polarity and precise waveform 
required of the sync signal for such sinusoidal variation will depend on the 
particular negative-resistance device being employed. It is to be noted 
especially, however, that the circuit behavior to be described does not depend 
on the sinusoidal nature of the breakdown-voltage variation. The results 
depend only on the relatively gradual variation of the breakdown voltage, in 
contrast to the abrupt variation with pulse-type sync signals. 

In Fig. 19-10 the dashed voltage level V po is the breakdown voltage of the 
negative-resistance device in the absence of a syne signal and the solid curve 
Vp is the breakdown voltage in the presence of the sync signal. The sync 
signal has a period 7 (corresponding to T, in Fig. 19-1), and the natural 
period is T,. Consider that synchronization has been established with 
T =T.. Such synchronization requires that the period of the sweep shall 
not be changed by the sync signal: Hence, the voltages which mark the 
limits of the excursion of the sweep voltage must remain unaltered. The 
sweep cycle must therefore continue to terminate at Vro. This result, in 
turn, means that the intersection of the sweep voltage with the waveform Vp 
must occur, as shown in Fig. 19-10, at the time when V>p crosses Vpo, at the 
points labeled O in the figure. The possibility that the sweep will terminate 
at the points marked 0’ will be considered shortly. 

In the case of pulse synchronization we noted that synchronism could 
result only if the syne-signal period was equal to or less than the natural 
period. This feature resulted from the fact that a pulse could serve reliably 
only to terminate a timing cycle prematurely and not to lengthen it. In the 
present case, however, synchronization is possible both when 7 <T, and 
when T > T,. The timing relationship between the sweep voltage and the 
breakdown voltage for both cases is shown in Fig. 19-1la. The sweep voltage, 


Vp = breakdown voltage in Vpo = quiescent 
Presence of sync signal breakdown voltage 


V,, valley or maintaining voltage 


Fig. 19-10 Illustrating the timing relationship that must exist 
between Vp and the sweep voltage in a synchronized sweep when 
T = T,. 
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Vp is T ‘ 


Valley or maintaining 
voltage, Vy 


(a) 


(b) 
Fig. 19-11 (a) Illustrating the timing of the sweep voltage with respect to Ve 
for a case in which T < T, = T; (solid lines) and in which T > T. = T, 
(dashed lines); (b) pertaining to the general case when 7' # T.. 


drawn as a solid line, has a natural period T. > T. The sweep voltage meets 
the Vp curve at a point below V ro and is consequently prematurely terminated. 
The dashed sweep voltage has a natural period TT’ <T. This sweep meets 
the Vp curve at a point above V ro and is consequently lengthened. In each 
case the synchronized period T, equals the period T. The general situation 
may be described by reference to Fig. 19-11b. When T = T., the sweep is 
terminated at point O, leaving the period unaltered. When 7 > T,, the sweep 
terminates at a point such as X between O and the positive maximum 4. 
When T < T., the sweep terminates at a point such as Y between O and the 
negative maximum B. When the period T is such that the sweep terminates 
either at the point A or B, the limits of synchronization have been reached, 
since at A the sweep period has been lengthened to the maximum extent pos- 
sible, whereas at B the shortening is at maximum. The following illustrative 
example will show how one may calculate the range of synchronization. 
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EXAMPLE A UJT sweep operates with a valley voltage Vy = 38 V and a peak 
voltage Vp = 16 V (Fig. 12-7). A sinusoidal synchronizing voltage of 2 V peak 
is applied between bases. The stand-off ratio is 7 = 0.5 (Sec. 12-3). If the 
natural frequency of the sweep is 1,000 Hz, over what range of sync-signal fre- 
quency will the sweep remain in 1:1 synchronism with the syne signal? 
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Solution From Eq. (12-1), the amplitude Vm of the a-c component of the break- 
down voltage is 0.5 *2=1V. The sweep amplitude mav therefore lie in the 
range (16 — 3) — 1 = 12 Vto (16 — 3) +1 = 14V. Since a sweep of 16 — 3 = 
13 V is generated in 10~* sec, then the times required to generate sweeps of 12 
and 14 V, respectively, are $4 X 10-3 and 44 x 10-* sec. The corresponding 
frequencies are +3 X 10? = 1,083 and 4% Xx 10? = 929 Hz. Thus the sweep 
generator will remain synchronized as the sync-signal frequency varies over the 
range from 929 to 1,083 Hz. 
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Phase Stability We now consider the stability of a point of intersection 
of the sweep voltage with the Vp curve, such as X in Fig. 19-11b. Suppose 
that as a result of some transient disturbance the intersection point during one 
cycle should occur at some point other than X. Or suppose that when the 
syne voltage is first applied, the intersection point occurs initially at some 
arbitrary point. We shall now show that intersection at X represents a stable 
situation and that with each successive cycle the intersection point will move 
closer and closer to point X. This result is easily seen from the graphical 
construction of Fig. 19-12a. Suppose that the intersection point required to 
make the sweep and sync periods equal is designated X. Consider that during 
a particular cycle the intersection actually occurs at Y, that is, at a time At too 
late. Then the timing of the sweep during the nezt cycle is as shown by the 
dashed line. The intersection is now at Z, closer to X. We may now easily 
continue this graphical construction, which will show the intersection point 
moving closer to X at each cycle, eventually reaching X in the limit. 

The syne voltage accomplishes its function by lengthening or shortening 


(a) 


Ca 
Lae 


Fig. 19-12 (a) Showing that when the intersection point of the sweep with the Vp 
curve occurs on the descending portion of the Vp curve a stable situation results; 
(b) showing that instability results if the intersection point occurs on the ascend- 
“~ ing portion of the Vp curve. 
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the sweep as required to make the syne and sweep periods identical. Referring 
to Fig. 19-11), it will be clear that this end might be achieved if the sweep 
terminated at some point on the Vp curve between C and A as well as at some 
point between A and B. Suppose then, as in Fig. 19-12b, the correct inter- 
section point is at X’ but that during a particular cycle the intersection occurs 
at Y’, at a time Af too late. Then the construction shows that during the nezt 
sweep cycle (dashed line) the intersection point moves to Z', further away from 
X’. Hence X’ is not a stable point. Continuation of the graphical construc- 
tion will show that the intersection point will move progressively with each 
succeeding cycle until it reaches the point X. Here the sweep period is the 
same as at X', but at X the situation is stable, whereas at X ‘ it is unstable. 
In summary, we may conclude that a relaxation oscillator may be syn- 
chronized with stability only on the negative-slope portion of the waveform Vp 
(AOB of Fig. 19-10 or 19-116). The particular phase @ of the sine wave at 
which synchronization takes place is seen from Fig. 19-116 to be given by 


6 = arcsin we 
Vn 
where V is the minimum voltage required for synchronization and V,, is the 
peak value of the sine-wave voltage. 


19-7 SINE-WAVE FREQUENCY DIVISION 
WITH A SWEEP CIRCUIT 


The operation of a sweep circuit as a divider is a natural extension of the 
process of synchronization. Figure 19-13 (solid lines) shows the sweep and 
synchronizing waveforms for division by a factor of 4. This case is one in 
which the natural period 7, is slightly smaller than 47. The sync signal 
changes the sweep period from T. to T,, where T, = 4T. The dashed wave- 
forms in Fig. 19-13 show that, for the situation illustrated, an increase in ampli- 
tude of the sync signal can change the counting ratio from 4 to 3. Quite 
generally one may make the following observation with respect to a sweep 
circuit as a counter. If the sweep terminates on the descending portion of the 
Vp curve and if as a consequence the period T,, is lengthened or shortened to T,, 
where 7, = nT’, then the circuit will operate stably as an n:1 counter. 

It was tacitly assumed earlier that the range of synchronization (or count- 
ing) extends from the point where the sweep intersects the Vp curve at a 
maximum to the point where the intersection is at a minimum of the Vp curve. 
Such a result normally holds for small values of syne voltage, but may not 
necessarily apply when the sync amplitude is comparable to the sweep ampli- 
tude. Observe, for example, in Fig. 19-13 that the sweep will never be able 
to terminate at a maximum of Vp, since to do so would require that the sweep 
first cross the previous negative excursion of the Vp waveform. Figure 19-14 
illustrates a case (dashed sweep) where the syne amplitude is in principle just 
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_ T, =3T >| tle Peace 
Fig. 19-13. The sweep circuit used as a counter. lustrating the change in count. 
ing ratio with sync-signal amplitude. : 


large enough to cause 1:1 synchronization. The actual sweep waveform, how- 
ever, as shown, consists of alternate long and short sweeps. Figure 19-14 
suggests that when a sweep is used in connection with a scope it is advisable 
always to use as small a sync signal as possible. A sweep waveform as in 
Fig. 19-14, will cause a piecewise display of each cycle of the signal being 
observed on a scope. 

We shall now compare the general results which hold for sine-wave 
synchronization with the characteristics associated with pulse synehroni- 
zation, The features of pulse synchronization are effectively summarized in 
Fig. 19-3. As in Fig. 19-3, so in the case of sine-wave synchronization, we 
find that, for small syne signals, synchronization holds over a small range 
in the neighborhood of integral relationships between 7 and T,. With sine 


Time—~ 
Fig. 19-14 Illustrating a possible result of excessive amplitude of 
the sync signal in a sweep. 
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waves, however, unlike the situation that results with pulses, synchronization 
persists for variation of T,/T in either direction. In both cases the range of 
synchronization increases with increasing sync-signal amplitude. Finally, 
with pulses, for large sync-signal amplitudes, synchronization holds for all 
values of T/T, > 1, abrupt jumps in counting ratio occurring at critical 
values of T,/T,. With sine waves, however, while the range of synchroniza- 
tion may be large for large syne amplitudes, we cannot be sure that synchroni- 
zation in a useful fashion will persist for all values of T./T. This last feature 
is in part brought out in Fig. 19-14. 


19-8 SINE-WAVE SYNCHRONIZATION 
OF OTHER RELAXATION DEVICES 


The mechanism of sine-wave synchronization of relaxation devices other than 
the sweep is similar in principle to that already discussed. We shall study, as 
an additional representative example, the sine-wave synchronization of an 
astable multivibrator. For the sake of variety we shall consider a vacuum- 
tube circuit and shall indicate at the end of the discussion the difference 
between the tube and transistor cases. 

To achieve synchronization, a syne signal must be applied in such a 
manner that it can influence the instant at which a timing cycle is terminated 
by a regenerative action. This regeneration occurs when a tube comes out of 
cutoff, and therefore the syne signal may be injected at a grid, a cathode, or a 
plate. In the latter case the syne signal is principally effective because it is 
coupled to a grid through a plate-to-grid coupling capacitor. The precise 
details of synchronization will depend on the manner of syne injection, on 
whether the sync is applied to one or both tubes, and also in each case on the 
impedance of the sync source. 


Synchronization at One Grid A sinusoidal signal from a low-impedance 
source is applied to grid G, in Fig. 19-15a. When V1 is cut off, the syne 
voltage will appear superimposed on the exponential G, waveform. During 
the time V2 is cut off, the amplified and inverted syne voltage will appear 
superimposed on the G. waveform. If, as is normally the case, the gain from 
G; to G, in the multi is large, then the syne voltage on G, will be large in com- 
parison with the sync voltage on G:. Hence, we shall not make a serious error 
by neglecting the sync voltage on G; and assuming that the instant V1 comes 
into conduction is unaffected by the syne voltage. In other words, the first 
portion of the multi is unsynchronized. To determine graphically how the 
syne voltage on G, influences the instant at which the timing cycle of G: is 
terminated, either we may add the sine voltage to the exponential at G2 or 
else we may invert the sine voltage at Gz and add it to the cutin voltage. A 
typical: situation illustrating synchronization is indicated in Fig. 19-15. In 
Fig. 19-15b we show the sinusoidal syne voltage at G;. In Fig. 19-15¢e this 
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Sync signal applied to G. A 
ic i : pao Time 


() 


exponential 


Total waveform at G, (c) 


(without sync) 


Capacitor discharge 
exponential (d ) 


Fig. 19-15 Graphical construction to show synchronization of the astable multi in 
(a) to sine waves. For simplicity, overshoots and undershoots have been omitted. 
(b) Sync waveform at Gi; (c) syne combined with exponential discharge waveform 
at G2; (d) sync combined with cutin voltage at G>. 


voltage has been amplified, inverted, and added to the exponential waveform - 
at G2 In Fig. 19-15d the sinusoidal syne voltage of Fig. 19-15¢ has been 
inverted and added to the cutin level to give the effective cutin-voltage curve 
shown. The waveform which would be observed on an oscilloscope whose 
input is at G, is that indicated in Fig. 19-15c. However, the construction in 
Fig. 19-15d is more useful from the point of view of analyzing the effect of the 
synchronizing voltage on the behavior of the multi. As previously discussed, 
stable synchronization requires that the multi exponential terminate on the 
effective cutin voltage while the latter has a negative slope. And the general 
characteristics suggested by Fig. 19-3a and 6 apply to the astable multi as well. 


Synchronization at Both Grids To increase the range of synchronization 
of the multi, it is advantageous to sync both multi sections by applying sync 
signals to both grids simultaneously. Ordinarily in divider applications a 
multi is adjusted for nominally symmetrical operation, since no special advan- 
tage results from asymmetrical operation. For such a symmetrical multi, it is 
best to apply in-phase sync signals if the division ratio is to be an even number 
and to apply out-of-phase syne signals if the division ratio is to be odd. These 
results may be seen from Fig. 19-16. In Fig. 19-16a the division ratio (4:1) is 
even, the syne signals are in phase, and it appears that both timing exponentials 
meet the effective cutin voltage in a manner to ensure stability. In Fig. 19-16) 
the division ratio (3:1) is.odd, the sync signals are again in phase, and while 
the exponential of the G, waveform is synchronized in a stable fashion, the 
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Fig. 19-16 Sync signal applied in phase to both grids. 

(a) The synchronization is stable for both portions of the multi 
waveform when the division ratio is even. (b) The division 
ratio is odd and the G; timing waveform is not locked in a 
stable fashion. 
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G_ waveform is not. Similarly, it is easy to show by drawing appropriate 
waveforms that when the sync signals are out of phase, both parts of the multi 
grid waveform will be synchronized in a stable fashion only for odd division 
ratios. 


Waveforms Before leaving the subject of sine-wave synchronization of 
oscillators we wish to emphasize that such a divider does not deliver a sinusoidal 
output. In most cases the waveform is more nearly ‘“‘square” (from a multi) 
or “triangular” (from a sweep circuit). If a sinusoidal waveform is desired, 
then the output of the relaxation divider is applied to the input of an amplifier 
whose output load is a tank circuit tuned to the desired frequency. Circuits 
for obtaining sinusoidal division without using a relaxation device are given in 
the next two sections. 

The mechanism and characteristics of sine-wave synchronization of a 
transistor astable multi are essentially the same as in the case of the tube multi. 
A not important difference appears because, as already noted, when a transistor 
is in saturation its collector will not respond to a base signal which drives the 
transistor further into saturation. If therefore a sinusoidal signal from a low- 
impedance source is applied to, say, B, (for an n-p-n transistor), the amplified 
signal which appears at By will have its negative half cycle clipped off. (If 
the sync-signal source impedance is not low, even less than half the sine wave 
will remain at B:.) The waveforms for the transistor circuit are shown in 
Fig. 19-17 corresponding to the tube case represented in Fig. 19-15. Observe 


Sync signal applied to B, T 
oR A (a) 


Cutin T, =4T 
(without sync) + Cr f 


Fig. 19-17 Synchronization of an n-p-n transistor astable multi 
corresponding to the situation represented in Fig. 19-15 for a tube 
multi. (a) Sync signal; (6b) waveform at B2. 
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that in the transistor case, the frequency range of synchronization will be 
limited in comparison with the tube case. When the rising exponential inter- 
sects the effective cutin curve at the flattened negative excursion, the multi 
will not be synchronized. 


19-9 A SINUSOIDAL DIVIDER USING REGENERATION 
AND MODULATION? 


A divider for a sinusoidal signal which does not involve a relaxation oscillator 
is represented in block-diagram form in Fig. 19-18. The signal of frequency nf, 
whose frequency is to be divided by the factor n, is applied to an amplitude 
modulator. Simultaneously a signal of frequency (n — 1)f, whose origin will 
appear shortly, is also applied to the modulator. In the modulator the signal 
nf is modulated by the signal (n — 1)f. The modulator output contains many 
frequencies, among which are the input frequencies (n — 1)f and nf as well as 
the sideband frequencies nf + (n — 1)f = (2n — lf and nf ~ (n — Df =f. 
The filter selects the frequency f, which then appears as the output. The out- 
put is applied to a frequency multiplier which multiplies by the factor n — 1 to 
produce the feedback signal of frequency (n — 1)f whose existence was postu- 
lated at the outset. The loop gain must exceed unity if the oscillations are to be 
sustained. This statement explains the use of the word regeneration in connec- 
tion with this type of divider. 

The modulator may consist of a pentagrid converter tube such as is used 
in a radio receiver to heterodyne the incoming radio-frequency signal with the 
local-oscillator signal to produce the intermediate-frequency signal. Such 
pentagrid converter tubes (the 6BE6, the 6SA7, and the 6BA7, for example) 
have two control grids. The signal component of the plate current of these 
tubes is essentially proportional to the product of the signals of the two control 
grids, and for this reason the tube may be used asa modulator. Alternatively, 
the modulator may consist of a transistor to which both signals are applied 
simultaneously. If the signals are large enough so that the transistor operates 
nonlinearly, sum and difference frequencies will appear at the transistor output. 

The filter at the modulator output need consist of nothing more elaborate 
than a parallel-tuned LC circuit in the output lead of the modulator. The 


Input Output 
frequency = nf 
O frequency =} 


Feedback signal 
frequency = (n—1)f 


Fig. 19-18 A divider employing modulation and regeneration. 
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frequency multiplier may be of the conventional type in which a pentode or 
transistor is driven by a large-amplitude signal, the load being a resonant 
tank tuned to the (n — 1)st harmonic of the input signal. If the input signal 
is large enough so that the output current flows in pulses, this current will be 
rich in harmonics of the input signal. Assuming a high-Q tank circuit, the 
output voltage will equal the product of the tank-circuit: impedance at its 
resonant frequency times the component of output current at this frequency. 
The upper frequency of operation of dividers of the type given in Fig. 19-18 is 
limited only by the frequency at which modulators, filters, and multipliers 
may be operated. 

We shall now show qualitatively that the only stable frequency at which 
the circuit can operate is precisely f. Assume, for example, that the output 
frequency momentarily drifts from f to some higher value f + 6, where 6 > 0 
and 6</f. Then the output of the multiplier will be (n — 1)(f + 6) and the 
modulator frequency will shift from f to nf — (n —- 1I)(f + 8 =f—-(m— 14, 
which frequency is less than f. Hence, if the frequency tends to increase, the 
circuit acts in such a direction as to counterbalance this tendency. Therefore, 
f may be a stable frequency. 

If the multiplier were designed to deliver a frequency (n + 1)f instead 
of (n — 1)f, then the output frequency would also be f. However, such a 
system is unstable. For example, if the output drifts from f to some higher 
value f + 6 momentarily, then the modulator output will shift from f to 
(n+ 1)(f + 6) —nf =f+(n+4+1)6. Since this frequency is further away 
from f than the assumed deviation 6, then the circuit, causes the output 
frequency to drift away from the initial value f. When the frequency 
drifts far enough away from the resonant frequency of the tuned circuits (in 
the modulator and multiplier), the loop gain becomes less than unity and 
the output drops to zero. Therefore, we conclude that the multiplier must be 
designed for a frequency (n — 1)f and not (n + 1)f. 

The special case n = 2 is of some interest. Since n — 1 = 1 for n = 2, 
then the multiplication is by 1. Hence, division by 2 is accomplished without 
the use of a multiplier. 

In the case of a relaxation oscillation we saw that increasing the size of 
the sync voltage might cause a change in division ratio. This result is not 
obtained with the circuit now under consideration. There exists a minimum 
input voltage below which the circuit output is zero. However, if this voltage 
of frequency nf is increased beyond the minimum value, the frequency f of the 
output remains unchanged, although the amplitude of the output increases. 

The divider of Fig. 19-18 has two disadvantages. The first of these is 
its relative complexity. Second, it may turn out that the divider is not self- 
starting. The reason for this last feature is not difficult to see. The multi- 
pliers depend for their operation on having a large input signal so that the 
devices will be vigorously overdriven. When the driving signal is small, the 
devices may operate quite linearly and, hence, provide no appreciable harmonic 
components of current. Hence, the multipliers wait for the circuit to supply 
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large driving signals, whereas the circuit cannot do so until the multipliers 
operate. To start the divider, it may be necessary to introduce a large tran- 
sient voltage into the circuit. 

On the other hand, the divider in Fig. 19-18 has a number of worthwhile 
advantages. The first of these, of course, is its ability to operate at high 
frequencies. Second, the proper division ratio depends essentially only on 
the tuning of several passive filter circuits, which tuning is not critical, and 
not on the stability of device characteristic. Lastly, if the tuning of the tank 
circuits should happen to drift out of range or if the input signal should be 
missing, the divider will furnish no output. The circuit, therefore, operates 
to give the correct output signal or it does not operate at all; that is, it is a 
fail-safe circuit. These features are to be compared with, say, the astable 
multi, which will divide incorrectly if the device characteristics drift excessively 
and which will continue to give an output signal, necessarily incorrect, if the 
input signal should fail. 


19-10 THE LOCKED OSCILLATOR AS A DIVIDER? 


A sinusoidal oscillator can be used as a frequency divider. Assume that the 
natural frequency of the oscillator is f, and that a nominally sinusoidal syn- 
chronizing signal of frequency fs, nearly equal to nf, (n = an integer), is 
injected into the oscillator. The oscillator frequency will change from f, to 
f./n and thereafter will run synchronously with the injected signal. Under 
these conditions the oscillator is said to be locked. The locked oscillator has the 
advantage of simplicity when compared with the divider using modulation and 
regeneration. It suffers, however, from the relative disadvantage that it 
continues to yield an output even in the absence of a synchronizing signal. 

A careful analysis of the mechanism by which a sinusoidal oscillator locks 
to a synchronizing signal is difficult to achieve. This difficulty does not 
arise because any basically new principle is involved. The mechanism of 


Fig. 19-19 A tuned-collector sinusoidal 
oscillator is synchronized by a sinusoidal 
signal applied to the base. 


Sec. 19-11 SYNCHRONIZATION AND FREQUENCY DIVISION / 741 


locking in oscillators is similar to the mechanism involved in the divider 
using modulation and regeneration. The complication arises in the present 
case because all the functions of modulation, regeneration, and harmonic gen- 
eration are accomplished in a single tube. The device nonlinearity is essential 
to the locking mechanism. Since a nonlinear characteristic is difficult to han- 
dle analytically, most locked-oscillator design is carried out experimentally. 

A tuned-collector sinusoidal oscillator synchronized by an external signal 
applied in the base circuit is shown in Fig. 19-19. 


19-11 SYNCHRONIZATION OF A SINUSOIDAL OSCILLATOR 
WITH PULSES‘ 


Synchronization is basically a mechanism in which the phase of the syne 
signal is compared with the phase of the oscillator (relaxation or otherwise) 
and a continuous correction is applied to the oscillator to maintain some fixed 
phase relation. We shall illustrate that one-to-one synchronization of a 
sinusoidal oscillator to a pulse-type syne signal may be accomplished if the 
operations of phase comparison and phase correction are carried out separately. 

A circuit suitable for comparing the phase of a sinusoidal signal and a 
pulse is shown in Fig. 19-20. The sinusoids are introduced into the meshes 
1 and 2 in phase opposition with respect to the polarities of the diodes. The 
pulses are introduced in such a manner as to appear with the same polarity 
in both meshes. Let us neglect teritatively the effect of the pulses. Then, asa 
result of the sinusoidal input, unidirectional currents will flow in mesh 1 and 
mesh 2 on alternate half cycles of the sinusoidal voltage. The voltage drops 
Veo and vy, are as shown in Fig. 19-2la. The combined voltage »., is then a 
complete sinusoidal signal whose average value is zero. This signal is inte- 
grated by the RC integrating network, which then provides zero output 
voltage. Now consider that positive pulses are applied which occur at such a 
time that the pulses exactly straddle the time when the sinusoidal signal passes 


Fig. 19-20 A phase comparator or discriminator for a pulse and a sinusoidal signal. 
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(a) (bd) (c) 
Fig. 19-21 The waveforms in the circuit of Fig. 19-20. 


Uy = Uxq t Voy 
Average #0 


through zero. The waveforms are indicated in Fig. 19-21b. We see again 
- that the average value of the voltage v., is zero ‘and hence that the output 
voltage will again be zero. Finally, from Fig. 19-2ic, it may be seen that if the 
pulse occurs earlier than the moment of zero phase of the sinusoids, the average 
value of vz, is not zero and the integrating circuit in this case will provide 
essentially a positive d-c output voltage. Similarly, if the pulse is delayed, the 
output will be a negative d-c voltage. 

A system in which the phase comparator of Fig. 19-20 is used to synchro- 
nize a sinusoidal oscillator to a pulse signal is shown in Fig. 19-22. The device 
VC is a voltage-variable capacitor. It consists of a junction diode which is 
operated reverse-biased and which consequently displays a transition capaci- 
tance that is a function of the voltage across the junction (Fig. 6-5). (Junction 
diodes specifically designed for this type of service as voltage-controlled vari- 
able capacitors are commercially available and are known by the trade names 
Voltacap, Varicap, etc.) 

The pulse sync signal and the oscillator signal are applied to the phase 
comparator, whose output is used to control the voltage across the voltage- 
variable capacitor. This capacitor is incorporated into the tuned circuit of 
the oscillator so that a variation of voltage across VC will cause a change in 
oscillator frequency. Suppose that the pulse and sinusoidal frequencies are 
identical and that an initial phasing adjustment has been made so that the 
comparator output is zero. Now let the frequency of the sinusoidal signal 
change slightly. Then with each succeeding cycle the’phase error will become 
progressively larger and a nominally d-c voltage will appear at the phase- 
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comparator output. The polarity of this comparator signal depends on 
whether the oscillator frequency is higher or lower than the pulse frequency. 
Thus the comparator output signal may be used to correct the oscillator 
frequency. It is to be noted that the system here described is a feedback 
control system in which the phase comparator is the error-sensing device 
and the voltage-variable capacitor is the agency through which the correction 
is applied. As in any feedback control system, antihunt circuits, not shown 
in Fig. 19-22, may be required. 

This feedback control system of synchronization is of quite general 
applicability, although it has the disadvantage of involving usually fairly 
complicated circuitry. If it is required to synchronize a waveform generator 
of any arbitrary waveshape to a sync signal again of arbitrary form, it is only 
necessary to devise an appropriate phase-comparator circuit and frequency- 
controlling device. A frequency-controlling device is usually not difficult to 
find. If, for example, the oscillator to be synchronized is of the relaxation 
type, the frequency can usually be varied through the adjustment of some 
biasing voltage in the circuit. 

There is a benefit to be derived from the use of this more complicated 
scheme even when simpler methods are effective, as in the synchronization of 
a relaxation device by the direct application of the sync pulses. The more 
complicated feedback system renders the synchronizing process less susceptible 
to interference from random noise pulses which may be superimposed on the 
sync signal. The noise pulses will occur at random times and hence at random 
phases in the cycle of the waveform generator (sinusoidal or otherwise) to be 
synchronized. Any individual noise pulse will have a negligible effect, and 
the combined effect of a large number of noise pulses will average out to 
zero. A feedback synchronizing system is widely used to lock the hori- 
zontal sweep generator of a television receiver to the synchronizing pulses 
from the transmitter. 


Fig. 19-22 A phase comparator and a voltage-variable capacitor are used to 
synchronize a sinusoidal oscillator to a pulse signal. 
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20 TRANSIENT SWITCHING 
CHARACTERISTICS OF 
DIODES AND TRANSISTORS 


In Chap. 6, we consider in detail the final states of semiconductor 
and thermionic devices which, being used as switches, are switched 
from on to orF and vice versa. In this chapter we inquire into the 
transient behavior during switching. 

A semiconductor device may be analyzed and described in terms 
of the currents which flow into or out of its terminals. Such a descrip- 
tion leads to an equivalent circuit in which the terminal currents are the 
parameters of interest. Alternatively the device may be described in 
terms of the charges which are stored at the device junctions and within 
the body of the semiconductor and which thereby control the operation 
of the device. We shall describe the switching in terms both of the 
method of equivalent circuits and of the stored-charge-control method. 


20-1 DIODE FORWARD RECOVERY TIME? 


When a diode is driven from the reversed condition to the forward 
condition or in the opposite direction, the diode response is accom- 
panied by a transient, and an interval of time elapses before the diode 
recovers to its steady state. We shall consider now the recovery 
transient associated with driving the diode from the reverse- to the 
forward-biased condition. 

The nature of the forward recovery transient depends on the 
magnitude of the current being driven through the diode and the rise 
time of the driving signal. Consider the voltage which develops across 
the diode when the input is a current source supplying a step of current 
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Ipp ieee 
| (a) ‘ : 
Fig. 20-1 A step of current as in (a) is 


applied to a diode. !n the idealized case, 
if the current step is large enough and fast 
enough, the diode voltage has the form 

(b) shown in (b). The waveform in (c) results 
when the current step is small. 


Tr, as in Fig. 20-1a. If the current amplitude is comparable to or larger than 
the diode rated current, and if the rise time of the current step is small enough, 
then the waveform of the voltage which appears across the diode ir as shown in 
Fig. 20-1b. We assume that initially the diode is not appreciably reverse- 
biased. Hence we neglect the time required to charge the junction transition 
capacitance or any external shunt capacitance across the diode. The pro- 
nounced overshoot results from the fact that initially the diode acts not as a 
p-n junction diffusion device but rather as a resistor. In the steady-state 
condition, the current which flows through the diode is principally a diffusion 
current which results from the gradient in the density of minority carriers. 
If the current is large enough, then there will also be an ohmic drop across 
the diode. The overshoot in Fig. 20-1) results from the fact that the ohmic 
drop is initially very large. For immediately after the application of the 
current, the holes, say, will not have had time to diffuse very far into the n side 
in order to build up a minority-carrier density. Therefore, except near the 
junction, there will be no minority charge to establish a density gradient, and 
current flow through the mechanism of diffusion will not be possible. Indeed, 
an electric field will be required to achieve current flow by exerting a force on 
the majority carriers. This electric field gives rise to the ohmic drop. With 
the passage of time, however, the ohmic drop will decrease as minority carriers 
become available further and further from the junction and current by diffusion 
takes over. 

From the above discussion we may expect that the magnitude of the 
overshoot will increase as the rise time of the current waveform decreases. 
For if the current rises in nonzero time, there will be some opportunity for 
the diffusion of minority carriers during the rise of the current. For a fixed rise 
time, as the magnitude of the step Jr increases, the overshoot becomes larger 
and stands out more pronouncedly with respect to the steady-state diode volt- 
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age attained after the decay of the overshoot. The reason for this behavior is 
that the peak of the overshoot, to the extent that the diode behaves like a 
resistor, increases linearly with current. However, in the steady state, where 
Eq. (6-1) applies, the diode voltage increases logarithmically with current. 
Many of the features described in connection with the forward recovery 
transient are brought out in Fig. 20-2. If the rise time of the current were 
shorter, the waveforms would have even more pronounced overshoots. 

When the current step applied to the diode is small enough so that the 
ohmic drop is negligible, the diode may be represented by its small-signal 
equivalent. In this equivalent representation the diode is replaced by a 
conductance g shunted by a diffusion capacitance Cp. The conductance 
g = I/nVr increases with current J. The diffusion capacitance is similarly 
proportional to J [Eqs. (20-9)]. Consequently the time constant C'p/g is inde- 
pendent of the diode current. The waveform of diode voltage, in this case, has 
the form represented in Fig. 20-1c.' 

At large current amplitudes, we note that the diode behaves in a manner 
such that if we sought a simple circuit representation we should probably 
use a combination of a resistor and inductor. At low currents the diode is 
representable by a parallel resistor-capacitor combination. On this basis, we 
might expect that at intermediate currents the diode might behave as though 
all three elements were present—resistance, inductance, and capacitance. 
In such a case oscillations in the response are to be anticipated and are indeed 
observed. 

The forward recovery time t;, for a specified rise time of the input current 
is the time difference between the 10 percent point of the diode voltage and the 
time when this voltage reaches and remains within 10 percent of its final 
value. From Fig. 20-2 we see that for the 1N695A operating at Jr = 200 mA, 
ty; ~ 80 nsec. For this same diode the reverse recovery time t,, (defined in 
the next section) is ¢,, ~ 300 nsec. For most diodes, particularly the passi- 
vated epitaxial planar silicon diode, t;, < t+. We shall now see that, even if 
ty, is comparable to #,,, the forward recovery time does not usually constitute a 
serious problem, and only in rather special situations does it need to be a cause 
for concern. 


_ 
uw 


Fig. 20-2 Forward switching tran- 
sient, from zero bias, for type 


zi 
o 


1IN695A germanium diode for vari- 
ous forward currents. The input 
rise time is 0.03 usec (30 nsec). 
(Courtesy of Transitron Electronic 
Corporation.) 


Diode forward voltage, V 


Time, psec 
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Fig. 20-3 (a) A transmission circuit 
in which the diode forward recovery 
transient causes no difficulty; (b) a 
diode application where the for- 
ward recovery transient may cause 


(b) difficulty. 


Diode Circuits The simple circuit of Fig. 20-3a (discussed in more detail 
in Sec. 7-2) is intended to allow transmission of only that part of the input 
waveform which nominally exceeds zero in voltage. Consider the circuit 
response as the input swings through zero voltage. If the signal is small, 
corresponding to the response illustrated in Fig. 20-1c, we see that a nonzero 
forward recovery time actually increases the speed of response of the circuit. 
On the other hand, if the input signal is large enough to cause a peak in diode 
voltage, as in Fig. 20-2, the effect will still be negligible provided that the input 
voltage »; is large compared with the diode voltage v. For example, if the input 
is a 10-V step and R = 100 Q, so that a current of 100 mA flows, then from 
Fig. 20-2 the peak diode voltage is about 1 V and the steady-state diode voltage 
is 0.7 V. Thus the output voltage starts at 10 V, goes to 9.0 V, and settles 
down to 9.3 V for an ideal input step. For a finite input rise time the output 
would probably have no maximum or minimum but would rise to its steady- 
state value monotonically, with a rise-time improvement over the input. 

Now let us consider the situation depicted in Fig. 20-3b. Here we see 
that a step of voltage is to be applied through a diode to a winding on a toroidal 
core of magnetic material. (The toroid is of material which has a rectangular 
hysteresis loop.) The applied signal is intended to magnetize the core and 
leave it magnetized in one direction. A different signal, applied through a 
different diode, and possibly even to a different winding, will be used to 
reverse the state of magnetization when required. Not uncommonly, mag- 
netizing currents of many tens of milliamperes may be required to achieve the 
necessary magnetization. 

Assume that the core is to be magnetized as the result of the application 
of a very abrupt step of voltage, which is applied as the signal », in Fig. 20-30. 
Initially the diode acts like a resistor rather than a p-n junction device, and the 
voltage v across the diode, shortly after the input step, will be larger than 
its steady-state value. Therefore the current through the diode and winding 
will be smaller initially than in the steady state. The current will rise from its 
initial value to its steady-state value as the diode voltage falls from its initial 
value to its steady-state value. And if the steady-state current provided is 
not much larger than the current required for magnetization, we shall have to 
wait until the forward recovery transient is nominally completed before the 
required magnetization has been achieved. In addition, the larger voltage 
which appears across the diode during the transient interval results in an extra 
dissipation of power in the diode. Special diodes are available for use as 
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drivers for magnetic cores. These diodes are designed to minimize the magni- 

‘tude and duration of the forward recovery transient. For diodes intended for 
this type of service, manufacturers will usually supply curves like those shown 
in Fig. 20-2, 


20-2 DIODE REVERSE RECOVERY TIME? 


When an external voltage is impressed across a junction in the direction to 
reverse-bias it, very little current flows. The reason is that only the minority 
carriers on each side of the junction have charge of proper sign to carry current 
across the junction. The density of minority carriers in the neighborhood of 
the junction in the steady state is shown in Fig. 20-4a. Here the levels p,,. and 
Np are the thermal-equilibrium values of the minority-carrier densities on the 
two sides of the junction in the absence of an externally impressed voltage. 
When a reverse voltage is applied, the density of minority carriers is as shown 
by the solid lines marked p, and n,. Far from the junctions the minority- 
carrier density remains unaltered, but as these carriers approach the junction 
they are rapidly swept across and the density of minority carriers diminishes 
to zero at the junction. The current which flows, the reverse saturation cur- 
rent, is small because the density of thermally generated minority carriers is 
very small, 

When the external voltage forward-biases the junction, the steady-state 
density of minority carriers is as shown in Fig. 20-4b. The number of minority 
carriers is very large. The minority carriers have, in each case, been supplied 
from the other side of the junction, where, being majority carriers, they are in 
plentiful supply. 

If the external voltage is suddenly reversed in a diode circuit: which has 
been carrying current in the forward direction, the diode current will not 
immediately fall to its steady-state reverse-voltage value. For the current 


Junction Junction 


(a) 


Fig. 20-4 Minority-carrier density distribution as a function of the distance z from a 
junction. (a) A reverse-biased junction; (b) a forward-biased junction. The injected 
or excess hole (electron) density is pa — Pno (Mp — Npo). (The diagram is not 
drawn to scale since py, >> pao and np > Npo-) 
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cannot attain its steady-state value until the minority-carrier distribution, 
which at the moment of voltage reversal had the form in Fig. 20-4b, reduces 
to the distribution in Fig. 20-4a. Until such time as the injected or excess 
minority-carrier density Pa'— Pno (OF Np — Npo) has dropped nominally to zero 
the diode will continue to conduct easily, and the current will be determined 
by the external resistance in the diode circuit. 


Storage and Transition Times The sequence of events which accompanies 
the reverse biasing of a conducting diode is indicated in Fig. 20-5. We con- 
sider that the voltage in Fig. 20-5b is applied to the diode-resistor circuit in 
Fig. 20-5a. For a long time, and up to the time t,, the voltage v; = Vr has 
been in the direction to forward-bias the diode. The resistance Rz is assumed 


v; 
Vp 
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Fig. 20-5 The waveform in (b) is applied to the diode circuit in (a); (c) the excess 
carrier density at the junction; (d) the diode current; (e) the diode voltage. 
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Fig. 20-6 Reverse recovery waveforms, IN695A diode. (a) Fixed reverse 
voltage Vz = 6 V and R; = 1 K for various forward currents; (b) fixed forward 
current Jy = 200 mA and Ry = 2 K for various reverse voltages. (Courtesy 
of Transitron Electronic Corporation.) 


large enough so that the drop across R, is large in comparison with the drop 
across the diode. Then the current isi ~ Vr/R, = Ip. At the time ¢t = ¢, 
the input voltage reverses abruptly to the value 7; = —Vr. For the reasons 
described above, the current does not drop to zero but instead reverses and 
remains at the value i = —Vr/R, = —Ip until the time t = t2. Att = ts, 
as is seen in Fig. 20-5c, the injected minority-carrier density at the junction 
has dropped to zero; that is, the minority-carrier density has reached its equi- 
librium state. If the diode ohmic resistance is Ra, then at the time t, the diode 
voltage falls slightly [by (Zr + In)Ra] but does not reverse. Att = ft, when 
the excess minority carriers in the immediate neighborhood of the junction have 
been swept back across the junction, the diode voltage begins to reverse and 
the magnitude of the diode current begins to decrease. The interval é; to t2, 
for the stored-minority charge to become zero, is called the storage time t,. 

The time which elapses between ¢, and the time when the diode has 
nominally recovered is called the transition time t;. This recovery interval will 
be completed when the minority carriers which are at some distance from the 
junction have diffused to the junction and crossed it and when, in addition, the 
junction transition capacitanc 2 across the reverse-biased junction has charged 
through Rx to the voltage — Vr. 

The reverse-recovery diode-voltage waveforms for a type 1N695A diode 
are shown in Fig. 20-6. These waveforms are to be compared with the wave- 
form of Fig. 20-5¢. The time ¢; in Fig. 20-5-at which the input voltage is 
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reversed corresponds in Fig. 20-6 to the time t= 0. In Fig. 20-6a@ various 
forward currents are indicated, and the plots show that for fixed reverse 
current (Ir = Vez/Rz) the storage time is longer for larger forward currents. 
In Fig. 20-66 the forward current is fixed, and the plots show that in this case 
larger reverse currents reduce the storage time. 

Manufacturers normally specify the reverse recovery time of a diode 1,, 
in a typical operating condition in terms of the current waveform of Fig. 20-5d. 
The time t¢,, is the interval from the current reversal at t = t; until the diode 
has recovered to a specified extent in terms either of the diode current or of the 
diode resistance. If the specified value of R, is larger than several hundred 
ohms, ordinarily the manufacturers will specify the capacitance Cz shunting 
Rx in the measuring circuit which is used to determine ¢,,.. Thus we find, for 
the Fairchild 1N3071, that with Jr = 30 mA and Jy = 30 mA the time 
required for the reverse current to fall to 1.0 mA is 50 nsec. Again we find, 
for the same diode, that with Jy = 30 mA, —Vr = —35 V, Ry = 2 K, and 
Cr, = 10 pF (—Irg = —35/2 = —17.5 mA), the time required for the diode 
to recover to the extent that its resistance becomes 400 K is #,, = 400 nsec. 
Commercial switching-type diodes are available with times ¢,, in the range from 
less than a nanosecond up to as high as 1 ysec in diodes intended for switching 
large currents. 


20-3 THE FUNDAMENTAL EQUATION OF 
CHARGE-CONTROL ANALYSIS 


Up to the present we have described the diode principally in terms of its termi- 
nal voltage and current and in terms of an equivatent-circuit representation. 
The behavior of the diode (and the transistor) may also be accounted for in 
terms of its current and its excess minority-carrier charge. We shall now engage 
in some preliminary considerations concerning this charge-control method of 
analysis. 


Excess Minority-carrier Charge Let us direct our attention to the excess 
minority-carrier charge Q in a volume of asemiconductor. The charge Q is not 
the total charge in the volume; within the body of a semiconductor the total 
charge is alwayszero. Rather the charge Q refers only to the excess of minority 
charge over the corresponding charge under the quiescent condition in which 
no current is flowing. Thus in Fig. 20-4 the density (the charge Q per unit 
volume) is measured by the difference between the solid and dashed plots, 
Np — Npo OF Pn — Pno, aNd, as in Fig. 20-4b, may be positive or, as in Fig. 20-4a, 
may be negative. 

Let us introduce at ¢ = 0 into some volume just such an excess minority- 
carrier charge Q,. Suppose further that we have selected a volume whose sur- 
face is so far from the location of the charge Q, that the charge may not leave 
the volume. This charge will nonetheless disappear in time. Before the 
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introduction of the charge there existed in the volume an equilibrium distribu- 
tion of majority and minority carriers. This equilibrium distribution is 
attained when a balance is struck between the thermal generation of new 
hole-electron pairs and the disappearance of pairs by recombination. If an 
additional charge of minority carriers is introduced, the recombination will 
proceed more rapidly than the generation and the excess minority carriers will 
diminish. The probability, within a given time, that a majority carrier will 
find a minority carrier with which to combine will surely double if the number 
of minority carriers is doubled. More generally, the rate at which the excess 
minority-carrier charge will disappear is proportional to the amount of such 
charge Q present. We may therefore write 


a= -+@ (20-1) 


in which 7 is a constant with the dimensions of time. Integrating Eq. (20-1) 
subject to the initial condition that Q = Q, at ¢ = 0, we have 


Q = Qe’ (20-2) 


Mean Lifetime From Eq. (20-2) we see that r is the time constant in the 
exponential decay of the excess minority-carrier charge. This parameter 7 also 
has an interpretation as the mean lifetime of the minority carriers, as we shall 
now prove. During the interval between ¢ and ¢t + dé the charge has changed 
by the amount dQ, given by 


dQ = — a etl dt (20-3) 


Since a magnitude of charge |dQ| has ‘‘tived”’ for a time ¢, then the average 
time f of existence of the charge, or the mean lifetime, is 


0 me tQ. 
t |dQ — et dt 
i= Io. | es if £ =T (20-4) 


Q. Qo 


The Conservation of Minority-carrier Charge The charge Q may change 
not only because of the recombination of charge but also because charge is 
being delivered to the volume containing Q or is being removed from it by cur- 
rent crossing the surface of the volume. If 7is taken as the current which flows 
into the volume, then Eq. (20-1) must be replaced by 


qa ,Q_. 

packs el tng Sire 20-5 
dt - T : ( ) 
Equation (20-5), expressing the law of the conservation of charge (the continuity 
equation), is the fundamental equation of charge-control analysis. It must 
be kept in mind, in view of our definition of Q, that 7 represents the current 
carried by charges which, upon entering the volume, become excess minority 
carriers. 


754 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Sec. 20-4 


Charge-control Description of a Diode For simplicity of discussion we 
shall assume that one side of the diode, say the 7p side, is so heavily doped in 
comparison with the n side that current is carried across the junction entirely 
by holes moving from the p side to the n side. Then an excess minority-carrier 
charge will exist only on the n side and we need apply Eq. (20-5) only to this 
region. Consider a steady-state situation in which the diode current J is con- 
stant. This hole current J flows into the volume which consists of the n side 
of the diode junction, and, having entered the region, generates an excess 
minority-carrier charge. Leaving the region across a surface far removed from 
the junction is an equal current. This latter current, however, is not to be 
included in 7 in Eq. (20-5) because this current consists principally of the flow 
of electrons which are not minority carriers. Therefore in Eq. (20-5) we set 
a = I, and since we have assumed a steady-state condition, we set dQ/dt = 0 
to obtain 


2 (20-6) 
T 

Equation (20-6) is important enough to warrant restatement in words. It says 
that the diode current (which is the current of holes crossing the junction) is 
proportional to the stored charge Q of excess minority carriers, the factor of 
proportionality being the reciprocal of the decay time constant (the mean life- 
time) of the minority carriers. Thus the relationship between the charge Q 
and the current J, in the steady state, is that the current supplies minority 
carriers at the rate at which these minority carriers are disappearing owing to 
the process of recombination. 

We now find ourselves describing the diode in terms of the diode current 
I and the stored charge Q rather than the current J and the junction voltage V. 
One immediately apparent advantage of this charge-control description is that 
the exponential relationship between J and V is replaced now by the linear 
relationship between J and Q. The charge Q also makes a simple parameter in 
terms of which to determine whether the diode is forward- or reverse-biased. 
The diode is forward-biased when Q is positive and reverse-biased when Q is 
negative. 

As already observed above, the total charge (not Q) in the body of the 
semiconductor must be zero. ‘Thus where, as in Fig. 20-4, an excess charge of 
holes exists, so must there be an identical distribution of majority charges 
(electrons) to ensure charge neutrality. This charge distribution is not shown 
in Fig. 20-4, nor does it enter explicitly into Eq. (20-5). These electrons are, 
however, precisely those with which the holes combine and thereby disappear. 


20-4 EQUIVALENT—CIRCUIT DESCRIPTION OF A DIODE 


We shall now point out the correspondence between the charge-control descrip- 
tion of the diode and the equivalent-circuit description in which the diode is 
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represented by the parallel combination of a resistor r and a (diffusion) eapaci- 
tor Cy. When a junction carries a steady forward current J, a minority- 
carrier charge Q is stored and a voltage V appears across the junction. The 
current J and voltage V are related by Eq. (6-1). To represent the storage of 
charge in an equivalent, circuit we include in the circuit a capacitor Cp. To 
allow for the decay of this charge we shunt across the capacitor a resistor r. 
Now we know that when the diode current drops to zero the excess minority 
charge decays with an unvarying time constant r. Accordingly, if the equiv- 
alent circuit is to represent this situation, it is required that the time constant 
for discharge of the capacitor must equal the storage-time decay constant, 


rCp =r (20-7) 


This same result may be arrived at more formally from Eq. (20-6). Differenti- 
ating with respect to V we have 


d dI 

a -ri (20-8) 
We let dQ/dV = Cp, the incremental diffusion capacitance, and 

a eis 

dVor 


the incremental conductance of the junction, and we arrive again at Eq. (20-7). 
Using Eq. (6-12) for r and Eq. (20-7) for Cp we have 


= nVr = rT 
r= “T Cp = Vr (20-9) 
Note that r varies inversely with current, C’p is proportional to current, and the 
product rC'p is independent of J. Observe also that C p is proportional to the 
mean lifetime r. Experimentally it is found that r varies over a wide range, 
from diode to diode, because recombination is greatly affected by impurities 
and by volume and surface imperfections in the crystal. Values of r ranging 
from about 1 nsec to 1,000 usec have been observed.? For I = 1mA,7 = 1, 
and Vr = 26 mV (at room temperature), we find that r = 26 © and Cp lies 
in the range 40 pF to 40 uF. 


20-5 DIODE STORAGE AND TRANSITION TIMES 


To calculate the diode storage time #, let us assume that there is a constant 
diode current Jr so that an excess charge Q, = rly is stored. Let the current 
be changed abruptly at £ = 0+ to —Iz. We seek a solution to 


aQ @ hips (20-10) 


subject to Q = Q, whent = 0. The time ¢ at which Q = Ois the time t = &,. 
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We find 
t= 7in G ie (20-11) 
Ir 


In a diode in which the doping on both sides must be taken into account, 7 in 
Eq. (20-11) is an “effective lifetime” which depends on the lifetimes on each 
side of the junction and the relative doping on each side of the junction. 

If t, is given for one value of Jr/Ir, rT may be calculated and Eq. (20-11) 
may be used to calculate ¢, for other values of Ip/Ir. Physical diodes* behave 
reasonably but hardly exactly in accord with Eq. (20-11). An improvement 
results if, on empirical grounds, we recognize that + depends somewhat on the 
absolute value of J and depends as well on the ambient temperature. The 
typical variation of 7 with Jr and with temperature is shown in Fig. 20-7 for a 
silicon diode. These plots are normalized with respect to a forward current of 
10 mA and an ambient temperature of 25°C, under which conditions r ~ 5 nsec. 
At 25°C a fivefold change in Ir produces, at fixed Ir/Ip, a change in t, of 
less than 60 percent. Similarly, at 25°C, a 25° change in temperature produces 
less than a 10 percent change in¢,. In the fabrication of high-speed comput- 
ing diodes, gold is introduced as animpurity. These gold atoms act as recombi- 
nation centers and decrease the minority-carrier lifetime.‘ 

The transition time ¢ (Fig. 20-5e) is the interval during which the principal 
change in the diode is the charging of the transition capacitance Cr which 
appears across the reverse-biased junction. Since Cr decreases with increasing 
magnitude of reverse bias (Sec. 6-3), a conservative estimate of ¢, may be calcu- 
lated by assuming that Cr remains constant at its largest capacitance value. 
Referring to Fig. 20-5a and e we see that the time constant associated with this 
transition interval is RzCr. We may, as is usual, estimate the transition 
interval at 3R,C,r. Finally the reverse recovery time tr = t. + t. 


Fig. 20-7 Plots showing how the 
effective lifetime 7 depends on the 
value of the forward current and 
on the ambient temperature in a 


silicon diode (planar epitaxial 
passivated 1N3605, 1N3606, 
1N3608, and 1N3609). At 

Ta => 25°C and Ip = 10 mA, 

+ ~ 5nsec. (Courtesy of General 


Normalized effective lifetime 


Electric Company.) 
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20-6 LIMITATION ON ACCURACY OF ANALYSIS 


We have assumed that there is a one-to-one correspondence between the diode 
current and the excess stored charge. We have neglected the fact that 
actually the current may well depend not only on the stored charge but also 
on the manner in which this stored charge is distributed. This point will stand 
out more clearly if we refer again to Fig. 20-4b, where, for simplicity, we shall 
again neglect the excess charge on the p side of the junction. At any steady 
diode current the density of excess minority charge is a maximum at the 
junction and falls off exponentially with distance away from the junction. The 
area between the plot for p, and the level p,, is a measure of the total excess 
stored charge. We have assumed that if the diode current is changed to a new, 
say lower, value the form of the plot for pn Will remain the same but that its 
level will become lower. Thus we have assumed that, when the diode is at the 
point of going from forward bias (Q > 0) to reverse bias (Q <0), Da — Dno 
becomes zero at the same time for all values of x. This assumption is certainly 
reasonable when the current changes slowly enough but may not be valid when 
the diode current is caused to make a very rapid change. Thus suppose that 
the diode current, initially in the forward direction, is suddenly reversed. 
Then the excess minority carriers will return across the junction whence they 
came. Those excess carriers far removed from the junction must first diffuse 
back to the junction before they can be removed. Hence it may well be that 
Dn — Pno at the junction may return to zero or even reverse sign whereas further 
removed from the junction p, ~ pyro is still positive. The charge-control 
method does not take into account this possibility of a change in distribution 
of the stored charge. The method is therefore of limited accuracy, and 
Eq. (20-6) is at best an approximation. It should, of course, be kept in mind 
that the equivalent-circuit method has a similar limitation. An exact solution 
of the problem would require a solution to the diffusion equation which controls 
the flow of minority carriers. An important point to keep in mind is that both 
in the equivalent-circuit approach and in the charge-storage method we are 
using the best approximations consistent with assuming that the diode can 
be described in terms of a single time constant. 


20-7 THE CHARGE-STORAGE DIODE: 


The recovery of a forward-biased diode to the reverse-biased condition is 
achieved in two stages. First there is a storage phase, which persists as long 
as is necessary to remove the minority carriers in the immediate neighborhood 
of the junction. This stage is followed by the transition stage, during which 
the junction transition capacitance is charged and during which there are 
removed those minority carriers which were located some distance from the 
junction. It has been found possible to control the doping in a diode in such 
a way that minority carriers are restricted to a very narrow region in the 
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Transition 


ee ee 


Fig. 20-8 (a) A pulse is applied to a charge-storage diode circuit; (b) the applied- 
pulse waveform with rise and fall times explicitly indicated; (c) plot of diode current 


Completion of storage phase 


and output waveform. 


immediate neighborhood of the diode junction. In such diodes, especially 
if the junction barrier capacitance is small, the transition time of the recovery 
is extremely small. Hence, the diodes are also referred to as snap-off or 
step-recovery diodes. These diodes may complete the transition phase of the 
recovery in times as short as 0.1 nsec and may therefore be used to generate 
very fast waveforms and pulses of very short duration. 

To consider the application of a charge-storage diode as a generator 
of fast waveforms we examine the idealized waveforms of Fig. 20-8. The 
pulse-type signal in Fig. 20-8) is applied to the diode-resistor circuit in Fig. 
20-8a, and the current waveform, the same as the waveform of the output 
voltage, is shown in Fig. 20-8c. Att =h the diode conducts and responds to 
the input signal. Att = ts the applied voltage is in the direction to reverse- 
bias the diode. However, because of charge storage, the diode conducts 
in the reverse direction and the output persists, following the input. During 
the interval from tz to ts the charge stored in the diode is decreasing, since this 
charge decreases with decreasing diode current. The charge stored continues 
to decrease at an accelerated rate during the interval ¢; to és, where the current 
is flowing in the reverse direction. We have, however, assumed that at 
t = t, the charge has not yet been completely removed. The reverse current 
therefore continues to flow, and the storage phase does not terminate until 
t = ts. At this point the diode “snaps off” with a very small transition time. 
As indicated, the rate of change of the voltage during this transition phase 
may be'very much more rapid than the rate of change of the input waveform. 
Observe further that the amplitude of the very abrupt change is equal to Vr. 

The speed of voltage change during “snap-off” is not related to the speed 
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of the input waveform. We shall now see, however, that unless the input 
waveform is fast enough, the amplitude of the voltage change corresponding 
to the transition phase may be reduced. First assume in Fig. 20-8c that 
during the interval from t, to t, the input waveform falls very slowly. Then 
it may well be that at the time ¢ = ts a very large part of the stored charge 
has been removed. For example, if the voltage falls slowly enough, the stored 
charge may, at each instant, be nearly equal to the steady-state charge corre- 
sponding to the current flowing at the moment. Then, in this case, at t = t3, 
where the current is zero so also will be the stored charge. In any event, if 
only a little of the charge remains at t = ts, and since the voltage continues to 
fall slowly after t = #;, the voltage will not be able to go very far negative 
before the stored charge has been completely removed. Consequently the 
amplitude of the transition jump will be correspondingly reduced. In sum- 
mary, we note that for effective use of the snap-off characteristic, the voltage 
change of the input signal which turns off the diode must be fast enough 
to attain an appreciable back-biasing voltage level before the storage phase is 
completed. 


20-8 CHARGE-STORAGE-DIODE PULSE GENERATORS 


A relatively simple pulse generator which uses a charge-storage diode is shown 
in Fig. 20-9a. Initially the shorted length of delay line which appears to the 
right of the diode D behaves as a resistance equal to the characteristic imped- 
ance Z,. Then on each positive cycle of the sinusoidal input waveform », 
(indicated in Fig. 20-9b) the charge-storage diode D will conduct. We require 
that the diode conduct only long enough to build up a stored charge and that 
adequate time be available in each cycle so that the diode may recover. For 
this reason R, and C, have been included in the circuit to provide across C, 
& negative bias so that the diode conducts only in the neighborhood of the 
positive peaks of the input signal. The R,C, combination, together with the 
diode, is a clamping or d-c-restorer circuit, discussed in detail in Chap. 7. 
In the present case, however, we want diode conduction for an appreciable 
portion of the cycle, so that the R,C, time constant is rather smaller than will 
ordinarily be encountered in a clamping circuit. 

The diode current waveform, idealized, is shown in Fig. 20-9c. Because 
of charge storage, the diode conducts for a time in the reverse direction, and 
when the storage interval is completed, the current rises abruptly to zero 
during the transition phase. The capacitor C has been included in the circuit 
so that when the diode current changes abruptly this abrupt current change 
need not also occur in the inductance of the transformer winding. We may 
now compare the circuit of Fig. 20-9a with the delay-line differentiator circuit 
of Fig. 3-27. The abrupt diode current change produces an abrupt change 
in the voltage across R,. This abrupt change travels down the line and 
returns after a time 2tz, where t, is the line delay time. When the reflected 
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10 MHz 


}«—— 100 nsec —> 
(b) 
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Transition phase 
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Fig. 20-9 A pulse generator using a charge-storage diode. (a) The circuit con- 
figuration; (b) the input sinusoid; (c) the current in the diode; (d) the output pulse 
train. 


signal reappears at the line input, the diode D is back-biased, so that only the 
matching resistor Rr = Z, is across the line and no further reflections take 
place. The current waveform, other than the abrupt transition jump, is slow 
enough so that the delay line behaves for it much as a short circuit. Conse- 
quently, except for the appearance of a pulse 2tg in duration once per cycle 
the output waveform otherwise is nominally zero. 

The requirement, discussed in Sec. 20-7, that the diode be turned off 
rapidly requires that the driving sinusoidal signal be of high frequency. The 
circuit of Fig. 20-9 has been used successfully in the range 10 to 500 MHz to 
produce pulses of nanosecond duration. This circuit is obviously not suitable 
for use at low pulse-repetition frequencies. On the other hand, suppose that 
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the signal applied in the circuit of Fig. 20-9 is a pulse train in which the pulses, 
as in Fig. 20-8, can carry the diode to the reverse-biased condition before the 
storage time is completed. Then, in this case, the pulse-repetition rate of the 
output signal will be the same as the rate of the input signal. However, the 
output pulse will have a duration determined by the delay line and will have a 
much smaller rise and fall time than the input pulse. 


20-9 SEMICONDUCTOR-METAL JUNCTION DIODES’ 


We have considered, up to the present, only diodes formed by the junction of 
p-type and n-type semiconductor material. Diodes may also be formed, 
however, by the junction of a semiconductor and a metal. Such diodes have 
advantages with respect to speed of operation. Their development has 
lagged behind that of p-n junction diodes because of difficulties encountered in 
manufacture. The static volt-ampere characteristics of semiconductor-metal 
diodes are entirely similar to the corresponding characteristics of p-n junction 
diodes. In the semiconductor-metal diode, however, the voltage at which the 
diode break point occurs is controllable by selection of the type of metal used. 
Accordingly, silicon-metal diodes of this type are available which exhibit a 
static characteristic similar to that of a germanium p-n junction diode, with a 
break point at about 0.2 V. Others are available with a break point near 0.5 
V and are more like silicon p-n diodes. 

In a diode which is formed at the junction of an n-type semiconductor 
and a metal, conduction in the forward direction occurs when the metal is 
biased positively with respect to the semiconductor. Current flows across 
the junction by virtue of the transport of electrons from the n-type semi- 
conductor to the metal and hence is a majority-carrier current. Current in 
the reverse direction is restrained by the existence at the junction of a potential 
barrier which opposes such flow. Electrons which have crossed the junction 
to enter the metal are not distinguishable from the very plentiful electrons 
in the metal which constitute the conduction electrons of the metal. When, 
therefore, the voltage across the junction is reversed, these electrons are no 
more able to return across the junction than are the electrons of the metal. 
Accordingly, unlike the situation in the p-n junction diodes, there is no appre- 
ciable storage of a minority-charge density, and the storage time is negligible 
except for very large forward currents. The reverse recovery time of a very 
fast p-n junction diode may be as low as 0.7 nsec (= 700 psec). The reverse 
recovery time of a semiconductor-metal diode may be an order of magnitude 
smaller, say 50 psec. 

When a semiconductor-metal diode is forward-biased, the electrons, in 
crossing the junction to enter the metal, fall down a potential hill. Therefore, 
initially, and until these electrons come to equilibrium with the electrons of 
the metal, the injected electrons have a higher energy and velocity. The 
“temperature” associated with a large assemblage of particles (molecules in 
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gas, electrons in a metal, etc.) is measured by the mean energy of these par- 
ticles. Therefore, the injected electrons are referred to as hot electrons and 
the diode is referred to as a hot-carrier diode. It is possible to construct both 
hot-electron diodes using n-type silicon and hot-hole diodes using p-type 
silicon. Hot-electron diodes are generally preferred, since the higher electron 
mobility gives greater speed of operation. 


20-10 CHARGE COMPENSATION FOR MINIMIZING STORAGE TIME 


In Fig. 20-10a a forward-biasing voltage Vr has been applied through a resistor 
R to adiode D. We assume that the forward current Ir ~ Vr/R has existed 
for a time long enough for equilibrium to have been attained. Att = 0+ the 
voltage reverses and v; = —Vr. It is clear from our earlier discussion and also 
from Eq. (20-11) that the storage time of the diode may be minimized by mak- 


(a) 


tt he 
(d) (c) 

Fig. 20-10 (a) A turn-off voltage step is applied through F to the diode. The 

resistor R is shunted by a charge-compensating capacitor. (b) Waveforms of 

the output », for the case where C is large enough so ‘that all stored charge is 

removed immediately. (c) Waveform of », when C is not large enough to 

remove all stored charge. 


. 
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ing the reverse diode current — J, as large as possible. If the capacitor C were 
not present, the reverse current would be limited to ~Iz = —Vr/R. The 
capacitor, however, will allow an impulsive current to flow, and we may 
remove the excess charge abruptly and reduce the storage time to zero. (We 
have in mind, of course, the approximate representation of the diode in which 
the excess density becomes zero simultaneously throughout the diode.) We 
shall also assume that whenever the diode has an excess minority charge (which 
means that it is forward-biased) the drop across it is negligible. The method 
contemplated here for minimizing the storage time is called charge compensation, 
and the capacitor C is a charge-compensating capacitor. If we replace the diode 
in Fig. 20-10a by a parallel combination of a resistor and diffusion capacitor, 
the present circuit is reminiscent of the compensated attenuator of Sec. 2-8. 
Indeed there are some similarities between the two, but as we shall see, there 
are also some very important differences. 

Initially (¢ < 0) the current i = Jy = Vr/R and the stored charge is, from 
Eq. (20-6), Q = rly = 7V r/R. Let us assume that, when v; changes abruptly 
to —Vr, all the stored charge is removed and transferred to the capacitor C. 
Then the corresponding change Av, in the voltage across C is 


_-Q_ —-1rVr 
Av, = SE = (20-12) 
Therefore, as shown in Fig. 20-10) for r/RC = 4, 1, and 2, Av. = —4V,r, 
~—Vr, and —2V,, and v, = 3Vr, 0, and —V,r, respectively. At the moment 
when the excess charge is removed the diode becomes an open circuit and the 
voltage v, decays to zero with a time constant RC, (We neglect the small 
reverse diode current and the small transition capacitance across the reverse- 
biased diode.) 
The maximum change possible in v, is Vr + Vr, and the corresponding 
maximum charge transferred to the capacitor isC(Vr + Vr). If all the stored 
charge Q is to be removed, we require that 


C04 VN SO =sr7= a (20-13) 


or that the capacitance satisfy the condition 


If Eq. (20-14) is not satisfied, the waveform »v, will have the appearance shown 
in Fig. 20-10c (compare with Fig. 20-5d). Since the stored charge has not 
been completely removed at ¢ = 0+, the diode remains on and », = v4; = —Vr. 

The charge remaining in the diode is r7y — C(Vr + Vr) = Q’. A for- 
ward current J would maintain this charge in the diode if I'p were selected to 
be given by rl, = Q’ or 


Th = Ip —£ Vr + Ve) | - (20-15) 
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The time #, in Fig. 20-10c may now be calculated by using J; in place of Zp in 
Eq. (20-11). After the storage interval the diode becomes open-circuited 
and the voltage v. decays to zero with a time constant RC. 

By comparing Figs. 20-10b and 2-23 we may observe both the similarities 
and the differences between the “‘charge-compensated” diode circuit and the 
compensated attenuator circuit which uses conventional capacitors for charge 
storage. Note that in Fig. 20-108, #, attains its ultimate level, v. = 0, without 
initially falling short or overshooting its mark when 7 = rCp = RC. In this 
respect the diode circuit acts like the compensated attenuator. On the other 
hand, observe that for any value of r/RC the magnitude of the step in », is 
independent of the magnitude of the input step. Also, the restriction (20-14) 
and the waveform of Fig. 20-10c have no counterpart for the compensated 
attenuator. 

A situation of great practical interest is shown in Fig. 20-11. The input 
signal is again one which, having kept the diode on and allowed the establish- 
ment of a stored charge, reverses abruptly. The resistor R, represents the 
source impedance of the generator. The resistor F is used to limit the steady- 
state forward current. The capacitor C bridges R and hastens the recovery of 
the diode. (Of course, as in the case previously discussed, it would be better 
if C bridged both R, and R, but the normal situation is one in which both termi- 
nals of R, are not available.) 


souvent 


ne en nna aeeaenemniell 


EXAMPLE In the circuit of Fig. 20-11, Vr = 3V, —-Ve = —6V,R, = 5K, and 
R= 10K. The diode has a storage time constant r = 1.0 usec. Calculate the 
storage time of the diode if (a) C = 0 and (6) C = 100 pF. 


Solution a. Using Eq. (20-11) we have, since Ir/In = Vr/Ve, 


é, = 1.0in ( + 2) = 0.41 psec 


Fig. 20-11 Charge compensation is used in a circuit in which 
the capacitor shunts only part of the series resistance. 
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b. At t = O— the voltage across C isv, = V, = 2V. Therefore the reverse 
current at ¢ = 0+ is 


The time constant of the circuit is 


RR, _ 5X10 X 108 


Pip! ES ie X 100 x 107! = § X 10-5 sec 


By using Eq. (2-3) the current 7 is given as a function of the time by 
tr = 0.4 + 1.2910 = mA 


The stored charge is determined by Eq. (20-5), with Q in coulombs and ig in 
amperes, 
aQ a 


+= = -ie = —0.4 X 107% — 1.2 X 10-87 8x10% 
dt T 


Integrating, with 7 = 10-* sec, we find 
Q = Ke-10" — 0.4 x 10-9 + 0.6 X 10-%¢-3x10% 


with K an arbitrary constant. We determine K from the condition that att = 0-, 
Q = 7Vr/(R, + R) = 3 X 10-*/(15 X 10°) = 0.2 X 10°C. We find K = 0, 
so that 


Q = (0.6€—-2*10% — 0.4) « 10-8 


Setting Q = 0 we obtaint = #, = 0.13 usec. Therefore the addition of the capaci- 
tor C has reduced the storage time to about one-third of its previous value. A 
larger capacitance would effect a still larger reduction but not to any great extent. 
If the capacitance C had been arbitrarily large, we would have found t, reduced 
only to 0.12 ysec (Prob. 20-14). 


20-11 TRANSISTOR SWITCHING TIMES 


In Chap. 6 our consideration of the transistor switch was limited to a discussion 
of the end states, the device being either in the cutoff condition or in saturation. 
We now turn our attention to the behavior of the transistor as it makes a 
transition from one state to the other. We consider the transistor switch of 
Fig. 20-12, driven by the pulse waveform shown. This waveform: makes 
transitions between the voltage levels V2 and V;. At V~ the transistor is at 
’ cutoff and at V, the transistor is in saturation. This input waveform 2; is 
applied between base and emitter through a resistor R,, which may be included 
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Fig. 20-12 The pulse waveform 
operating between levels V2 and V, 
drives the transistor from cutoff to 
saturation and back again. For 
the n-p-n transistor, V; is positive 
and V2 is usually negative (although 
it can be slightly positive). Fora 
p-n-p type the polarities are 
reversed. 


(a) 


(0) 


(c) 


Va 


R, 


Fig. 20-13 The collector current (b) and the base cur- 
rent (c) in response to the driving pulse in (a). 
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explicitly in the circuit or may represent the output impedance of the source 
which furnishes the waveform. 

The response of the collector current ic to the input waveform, together 
with its time relationship to that waveform, is shown in Fig. 20-13b. The 
current does not immediately respond to the input signal. Instead there 
is a delay, and the time that elapses during this delay, together with the 
time required for the current to rise to 10 percent of its maximum (saturation) 
value Ics = Vec/Rz, is called the delay time tz. The current waveform has a 
nonzero rise time t,, which is the time required for the current to rise from 10 per- 
cent to 90 percent of Ics. The total turn-on time ton is the sum of the delay 
and rise time, ton = ta + t,. When the input signal returns to its initial state, 
the current again fails to respond immediately. The interval which elapses 
between the transition of the input waveform and the time when ig has dropped 
to 90 percent of Ics is called the storage time t,. The storage interval is 
followed by the fall time t;, which is the time required for zg to fall from 90 to 
10 percent of Ics. The turn-off time tory is defined as the sum of the storage 
and fall times, torr = t + t;. In the following sections we shall consider the 
physical reasons for the existence of each of these times and how they may be 
determined quantitatively. In our analysis we shall use both the equivalent- 
circuit approach and the excess-minority-charge-control method. 


20-12 THE DELAY TIME 


There are three factors that contribute to the delay time. First, there is a 
delay which results from the fact that, when the driving signal is applied to 
the transistor input, a finite time is required to charge up the junction capaci- 
tances so that the transistor may be brought from cutoff to the active region. 
Second, even when the transistor has been brought to the point where minority 
carriers have begun to cross the emitter junction into the base, a finite time is 
required before these carriers can cross the base region to the collector junction 
and be recorded as collector current. Finally, a finite time is required before 
the collector current will rise to 10 percent of its maximum. We shall see that 
there is a one-to-one correspondence between the collector current and the 
excess charge stored in the base. The collector-current rise time is the time 
required to establish the required base charge. 

To consider now the first of these contributions to t,, let us replace the 
transistor by its hybrid-II model. Since the transistor is operating at cutoff 
and we are concerned with the response to a fast waveform, the hybrid-II 
circuit of Fig. 1-4 reduces to that in Fig. 20-14. The base-spreading resistance 
rey added to R, is the total impedance that the source sees and is designated 
Ri = R. + rw. The resistor Tye, being inversely proportional to emitter 
current, is very large and may be neglected. The emitter diffusion capacitance 
is directly proportional to the quiescent emitter current and may be neglected 
at cutoff. Hence, C. = Cy. reduces to the emitter-junction transition capaci- 
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Fig. 20-14 The hybrid-II circuit is 
used to calculate the time required 
to bring a transistor out of cutoff. 


tance Cr. The capacitance may be measured between terminals B and E£ 
(neglecting the comparatively small resistance of ry) with collector open- 
circuited. It is accordingly also referred to as C's, the common base input tran- 
sition capacitance. The resistance ry, is large enough usually to be neglected 
even in the active region, leaving between B’ and C only the collector transition 
capacitance Cr, = Cyc = Co. The transconductance gm is zero at cutoff and 
hence the generator gms. has been omitted. The collector has been shorted 
to emitter because in the cutoff range the collector voltage does not change. 

The capacitor charging time tz is easily calculated from Fig. 20-14. The 
base voltage starts at V2 and would go to V; if the transistor did not corne out 
of cutoff. Hence from Eg. (2-3) 


tye = Vit (V2 — Vile tr 


where 7; = Ri(C» + Ca) is the input time constant at cutoff. In Table 6-1 
(page 219) we find that a forward cutin voltage Vy is required across the emitter 
diode before appreciable current can flow. Reasonable values for V, are 0.1 V 
for Ge and 0.5 V for Si. Substituting V, for vy, into the above equation we 
find that for ¢ = ta 

tar = Ri(Ce + Cos) In ay 
For large values of Vi (compared with V2 and Vy) ta becomes very small. 
Also, if initially the transistor is not very far into cutoff (V2 ~ V,), then tai 
approaches zero. Both these statements follow from Eq. (20-16) and are 
exactly what should be expected physically. 


(20-16) 


ty PSA PON RE AINE OEY ASTRAY PS INE 


ur a eestoeaeao 


EXAMPLE A 12-V 10-usec negative pulse is fed through a 50-2 cable to the 
input of the circuit of Fig. 20-15. We wish to calculate all the switching times 
for this configuration. For the moment, calculate ta. 


Solution The transition capacitances are given in Fig. 20-16 as a function of the 
junction voltage. A complication arises because these capacitances are not con- 
stant. It is not difficult to make a calculation’ of turn-on time in a manner which 
takes account of the variation of the capacitances. Such a calculation is, however, 
lengthy and involves graphical integration under the curves of Fig. 20-16 or the 
solution of a nonlinear differential equation. In the present instance, where we 
are interested mostly in the order of magnitude of the result, we shall assume 
a fixed value for the capacitances. In order that our result may be on the con- 
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Fig. 20-15 Problem illus- 2K 1K 


trating switching times for 10 psec 
ey 0.1 uF 


a germanium p-n-p 2N404 2N404 
transistor. he P 8k 
12V 502 


servative side we shall assume that these capacitances are equal to the largest 
capacitance values attained during the switching cycle. In view of the variability 
of transistor parameters, a more precise calculation may hardly be justifiable. 

In the quiescent cutoff state the base-to-emitter voltage is V, = +4 V. 
Since the collector-to-emitter voltage is —10 V the collector junction voltage is 
—14V. From Fig. 20-16 we find Cz = 6 pF and Cy = 7 pF. When the tran- 
sistor is about to conduct, %. = Vy = —0.1 V, and the collector junction voltage 
is —9.9 V. From Fig. 20-16 (by extrapolation) Czy = 12 pF and Cy =7 V. 
Whereas C., has remained essentially constant, Cz has doubled over the voltage 
range. The worst-case value for total capacitance isC» + C» = 12 +7 = 19 pF. 

Since the coupling time constant (0.1)(2,000) = 200 psec is large compared 
with the pulse width of 10 usec, the pulse will appear at point P with little distor- 
tion. In the quiescent state the voltage at P is +4 V, and hence the presence 
of the pulse will drop this potential to +4 —12 = —8 V. This, then, is the 
value of Vi. If ray ~ 100 Q, then Ri = R, = 8 K. From Eq. (20-16), with 
Vy = —0.1 V, we have ta: = (8)(19)(2.30) log [(—8 — 4)/(—8 + 0.1)] = 64 nsec. 


TSN Seas aes emanmeeNSeenmcntniee 


Let us look now to the time tj. required for the first minority carriers to 
reach the collector. It is calculated® that in a steady-state situation the 
transit time of minority carriers across the base is given by 4 = 1/wy, in which 
fr = wr/2n is the common-emitter gain-bandwidth product, or the frequency 
at which the common-emitter current gain is unity (Sec. 4-6). When, how- 
ever, the minority carriers are first injected into the base the carrier distri- 
bution is not the steady-state distribution. It is then found? that the first 
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Fig. 20-16 The variation with 
junction voltage of the transition 
capacitances in the type 2N404, 
(Courtesy of Texas Instruments 
Incorporated.) 
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carriers make their appearance at the collector in a time 
tae = $b 20-17) 


For the 2N404, fr = 10 MHz, giving ta: = 1/(3)(2r)(10) usec = 5 nsec. In 
the present instance it appears that tg: is very much smaller than ta. But 
with a different base and driving circuit, such might not be the case. In 
order to complete the calculation of tz,.we must find tas, the time required for 
the transistor current to rise to 10 percent of its maximum. Let us therefore 
now turn our attention to the rise time #, in the active region. 


20-13 THE RISE TIME 


We consider the case in which the transistor is driven to saturation by the 
application of a step of current Js; to the transistor base. If, in Fig. 20-12, 
R, is very large in comparison with the impedance that appears between. base 
and emitter, then Is: = (Vi — Vy)/R.. The response of the transistor to a 
current step is given in Eq. (4-35). Assuming R, > hi, setting Iz: = I, and 
using Eq. (4-37), we have for the collector current t¢ (= —iz) 


tc = Apelai(1 — €-*!**) (20-18) 


in which the time constant 7, for the current rise is given by Eq. (4-37): 


his G 4 C.R.) (20-19) 
Or 


Tr 


where wr is the radian frequency at which the current gain is unity, and 
C.(= Cre = Co) is the collector transition capacitance. We have used Aygz in 
place of hy. in Eqs. (20-18) and (20-19) since we contemplate the application of 
these equations to the large-signal case corresponding to the switch from cutoff 


i] 


Fig. 20-17 The dashed curve gives 
the collector current in an n-p-n 
transistor if there were no satura- 
tion. If Is: > Ies/hrz, then 
Saturation saturation takes place and the 
current is limited to the value 
Vec/R., as shown by the solid curve. 


sat ke 
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to saturation. A plot of Eq. (20-18) is indicated by the dashed curve in 
Fig. 20-17. 
_ The transistor will just leave the active region and just enter saturation 
if the base-current magnitude is Jp4, given by 
Vee 


hrelpa = Tos = R (20-20) 


where Ics is the saturation collector current. Under these circumstances 
the collector is limited to the solid curve in Fig. 20-17, and the rise time ¢, is 
also indicated in that figure. The time ¢o.: for the collector current to rise to 
0.17 ¢g is, from Eq. (20-18), 


1 
tor = tr In 1-01"; (20-21) 
where 
N, = hereto (20-22) 
Tes 


Since Ni may be written as Ni = Ig;:/(Ics/hrz) = Ini/Ina, this quantity 
represents the ratio of the actual base current to the base current just adequate 
to achieve saturation. Hence, MW, is called the overdrive factor. N, must be 
at least unity if the transistor is to be driven into saturation. 

The time é.5 for the collector current to rise to 0.9/cs is given by Eq. 
(20-21) with 0.1 replaced by 0.9. The rise time ¢, required for ic to rise from 
0.17 ¢g to 0.91 cs is given by 


= = ag 1-—0.1/N, 
t, = too — tor = 7, In 1—0.9/N, (20-23) 
This result may be simplified if the transistor is driven deeply into saturation. 
Since In (1 + 2) = x — 29/24 23/3+4 ---, then Eq. (20-23) may be 
expanded to 
0.8 7, 0.50 
t, = 28: (i+ O00 5 O80 4 ) (20-24) 
For Ni > 1 
0.87, tr Ices 
a = 0. 20-25 
OCs hen Te, ae) 


Note that for this condition of heavy overdrive the rise time is independent 
of hrg because 7,/hpz does not depend upon rz [Eq. (20-19)]._ For this reason, 
and because t, varies inversely with I s1, it is advantageous to drive a transistor 
well into saturation with a large base current if it is desired to minimize 
turn-on time. 
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From Eq. (20-24) we see that if Ni > 5 an error of 11 percent or less is 
made in calculating the rise time from the simple expression in Eq. (20-25). 

Some manufacturers supply curves of tg and ¢, (and also é, and t;) versus 
Is, for various circuit configurations. These are useful only if the exact 
switching conditions are duplicated. 


28 Agranountn won ean nda Svbbaddshhinensakoboed MOKSHA cmp Ohi 


EXAMPLE For the circuit of Fig. 20-15 calculate oO the rise time ¢ and (6) 
the time tas necessary for the collector current to rise to 10 percent of Ics. Assume 
fr = 10 MHz and hrz = 100. 


Solution a. From Eq. (20-19) 


Tr 1 
= + (7)(107!?) (10%) sec = 23 nsec 
here  (2mr)(10) X 108 (76 ee) 
The saturation current is Ics = —Vcc/R. = —10 mA. The transistor will 


saturate at a base current Ig, = Ics/hrz, or Iza = —10/100 = —0.1 mA. The 
actual drive current is Iz: = (Vi — V.)/R, = —7.7/8 ~ —0.96 mA. Accord- 
ingly the overdrive factor is Ni = Iai/Jza ~ 10, and we may use the simplified 
equation (20-25), which yields 

10 


= (0.8) (23) (+2) = 186 nsec 


Note that the parameter on which the rise time depends most sensitively is fr. 


b. Since the overdrive is large, the-rise of collector current is quite linear, as 
seen in Fig. 20-17. Therefore the time required to rise to 10 percent of Ics is 
one-eighth the time required for the current to rise from 10 to 90 percent of Ics, 
so that 


1 
boa = tas = = = 23 usec 


We may now estimate the total delay time as 
ta = tai + tae + tas = 64 + 5+ 23 = 92 nsec 


Note that the delay time is approximately half the rise time and that the total 
turn-on time pte is 186 aie 92 = 278 nsec, or 0.28 usec. 


20-14 STORAGE TIME!!! 


The failure of the transistor to respond to the trailing edge of the driving pulse 
for the time interval ¢., as indicated in Fig. 20-13, results from the fact that a 
transistor in saturation has a saturation charge of excess minority carriers 
stored in the base. The transistor cannot respond until this saturation excess 
charge has been removed. We shall now discuss the processes that go on in 
the transistor that give rise to this storage time ¢,. 
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Active-region Operation In the active region, the excess minority carriers 
(say holes in a p-n-p transistor) which are injected into the base at the emitter 
junction diffuse across the base and on reaching the second junction constitute 
the collector current. The diffusion is the result of a density gradient of holes, 
and the diffusion current is proportional to this gradient. The current must 
be approximately constant at any distance into the base, since the collector 
current is nominally the same as the emitter current. Therefore the excess 
minority density gradient must be almost constant throughout the base region. 
And since any hole is immediately swept away upon reaching the collector, the 
excess minority density at the collector junction must be zero. Altogether, it 
then appears that as a function of x, the distance across the base, the hole 
density must have the appearance shown in Fig. 20-18a and labeled normal N. 
Actually, the collector current Igy is somewhat less than the emitter current 
Igy because some of the holes will be lost through recombination in crossing the 
base. Therefore, the current falls off slightly as x increases, and as a conse- 
quence the hole-density curve has a slight upward concavity, not indicated in 
Fig. 20-18. On this figure the currents Icy and Igy are indicated schematically 
at the ends of the normal line N. Following the usual reference-direction 
conventions, the currents are indicated entering their respective junctions. 
For a p-n-p transistor Igy is positive, but Icy is negative. If we neglect the 
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Fig. 20-18 Plots of excess hole densities. In (a) N and J represent the densities 
when the transistor is operating in the normal and inverted manner, respectively. In 
(b) the two plots in (a) have been superimposed. The total base charge has been 
represented as a uniform saturation charge Qzs, which makes no contribution to the 
current, and an effective charge Qza, which establishes the density gradient required 
for current flow by diffusion. In (c) the saturation charge has just been removed and 
the transistor is on the point of leaving saturation, so that only the effective charge 
Qea remains. In (d) the transistor is well into the active region and Qe < Qpa. 
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reverse saturation current Ico, then, from Eq. (6-26), we have 
len = anl py (20-26) 


where ay is the forward short-circuit current transfer ratio. 

If the transistor is used in the inverse direction, with the roles of collector 
and emitter interchanged, then the hole density will be given by the plot 
marked inverse I in Fig. 20-18a. The current entering the base across the col- 
lector junction (which is now acting as an emitter) is Zc; and is shown schemat- 
ically by the arrow pointing at the inverse-density plot. A fraction a; of this 
current reaches the emitter junction (which now acts as collector). This 
collected emitter current Jzr is, from Eq. (6-29) (neglecting Izo), 


Ter = —arler (20-27) 


where ay is the reverse short-circuit current transfer ratio. 


Saturation-region Operation When the transistor is in saturation it is 
operating normally and in the inverse mode at the same time. Therefore, the 
resultant current is the algebraic sum of the two currents for forward and 
reverse operation. Hence, the total current at the emitter junction Jz and the 
total collector current I¢ are given by 


Ig = Igy + Tar 20-28) 
Ice = Ion + Ter (20-29) 


Similarly, in saturation the total charge density in the base is given by the 
superposition of the two density plots in Fig. 20-18a and is shown in Fig. 20-18). 
The slope of the resultant curve at the emitter junction is proportional to Zz, 
and the slope at C is proportional to Zc. It is clear that the slope in. Fig. 
20-180 is indeed equal to the algebraic sum of the slopes of the two pice in 
Fig. 20-18, consistent with Eqs. (20-28) and (20-29). 

In the saturation region Ic = I¢gs ~ Vec/R. and Ig corresponds to this 
value of collector current and to the base current Ip: ~ Vi/R, of Fig. 20-13, 
or Ig = Ini = —(Ics + Ini). Note that the total currents in Fig. 20-18) 
are determined by the circuit configuration and not by the transistor param- 
eters. The four individual current components in Fig. 20-18a can now be 
determined from Eqs. (20-26) to (20-29). We find, for example, from these 
equations that : 


Ic + anlz (20-30) 


Inr = —ar 
1— Anay 


Since the linear plots of Fig. 20-18a and b are plots of excess minority charge 
density, the area under each individual curve is proportional to the total excess 
minority charge which gives rise to that plot. In Fig. 20-186 we have divided 
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the total area under the curve into two parts, the first proportional to a charge 
Qzs, the second proportional to Qs. The charge Qzs, which is uniformly dis- 
tributed, does not contribute to the slope, and therefore plays no role in estab- 
lishing a current across the base. This charge Qzs is called the saturation 
charge. The gradient of the nonuniform charge density (of area Qza) is propor- 
tional to the diffusion current. Therefore Qs4, which just brings the transistor 
to the limit of the active region, is called the effective charge. 

We now have a way for accounting for the delay in response of a saturated 
transistor to a signal which returns it to the active region. As the excess 
minority charge in the base is removed through the emitter junction, it appears 
that this charge decreases uniformly through the base. That is, the charge 
Qzs diss ppears first, leaving the charge Qe, and the slope unaltered. Only 
after Q:s has disappeared does Qsa begin to decrease. At the moment Qzs5 
has just disappeared the plot of density is just zero at the collector, as indicated 
in Fig. 20-18c. The density at the collector cannot drop below zero, so that 
further reduction of charge requires that the density decrease at the emitter, as 
shown in Fig. 20-18d. The slope of the density plot, and consequently the 
current, is thereby decreased. The base charge Qz in the active region is less 
than Qza, the base charge required just to enter saturation. 


Storage-time Calculation We now set up a procedure! for calculating 
the storage time é,. This time is broken up into two parts, the first of which, 
ts: (indicated in Fig. 20-130), is the time from the occurrence of the end of the 
pulse to the time when the collector current just begins to change. The second 
part, t.2, is the time required for i¢ to fall to 90 percent of I¢s. We may find ts: 
as follows. 

Taking the Laplace transforms of Eqs. (20-26) to (20-29), with s the trans- 
form variable, we have 


Ten(s) = —an(s)Izv(s) Ter(s) = —ar(s)Icr(s) (20-31) 
Iz(s) = Ign(s) + Tazr(s) Ie(s) = Ien(s) + Ter(s) (20-32) 


Solving for Izr(s) we find 


Ic¢(s) + an(s)Ix(s) 


tase) (20-33) 


Tzr(s) = —ar(s) 
which is, of course, identical in form to Eq. (20-30). In the normal direction, 
the low-frequency current gain is ayo and it has an upper 3-dB radian fre- 
quency wy. In the inverse direction, because of the lack of symmetry of the 
transistor, the current gain and 3-dB frequency will not be the same and are 
designated by azo and w7, respectively. We have, accordingly, 


a ano as aro J 
~~ TF jee) "TF ie/a) ee 
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or, in terms of the Laplace transform variable s, we may write 


ano aro 

4 s/n ar(s) = ery a (20-35) 
These expressions for ay(s) and az(s) may be substituted into Eq. (20-33) to 
yield an expression for Jzr(s) explicitly in terms of I¢(s) and Iz(s). 

Now consider that the turn-off edge of the driving pulse occurs at ¢ = 0. 
We have already noted that for t < 0, Ie = Ics and Ig = Igi. Fort > 0, 
Io remains at its saturation value Zc¢s but the emitter current changes to a 
value I'z2, which is smaller than Iz, and small enough so that the steady-state 
situation corresponding to Iz2 is one in which the transistor is not in saturation. 
This current Ig. is given by Iz2 = —(Ics + Is2), where, from Fig. 20-13, 
Ine ~ V2/R,. Accordingly, at t = 0, Ic does not change at all while Jz 
changes abruptly by the amount Iz. ~ Ig:. The corresponding change AI g; 
in Igr has a transform AJz;(s), which, from Eq. (20-33), is 


an (s) _ 


Al gr(s) = aor sent pe fais] (20-36) 


and in which the ay(s) and a;(s) are given in Eq. (20-35). 
The transform A/g;(s) has three roots, one at s = 0 and the others given 
approximately by (Prob. 20-25) 


ay = — Suertl —awoato) 5, = —(wy + wr) (20-87) 
wn + wr 

These roots give rise in the time response to terms of the form e*’ and e*. Ina 
typical case we find that |s2| >> |s:| and hence the term e decays very much 
more rapidly than does the term e**, We therefore neglect the term e* on the 
grounds that it has negligible effect in determining the time at which the 
transistor comes out of saturation. We then find, when we take advantage of 
the simplifications resulting from the fact that |s2| >> |si|, that the inverse trans- 
form of Al g7(s) is given by 


ATzr(t) = avocro(Im =z Ig2) a = ef!) (20-38) 


1 — ayoaro 


We observe that our approximations have reduced the solution to one which 
involves a single time constant. The total inverse emitter current is the sum 
of Alzr(t). and the quiescent value of the emitter current Jz; given in Eq. 
(20-30). We have 


ter(t) = Inr + Aler(t) (20-39) 


In a similar manner we may find ter(t). When both ier(t) and Zzz(t) 
have fallen to zero the transistor is certainly out of the saturation region. 
The ordinary (normal) direction in which the transistor is used is the one which 
gives ay > ar and wy > wr. If tig is the time when zz; = 0 and fsic the time 
when tcr = 0, then it turns out that tz > tic. We therefore use igr = 0 as 
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the condition that marks the first part of the storage interval. We find 
(Prob. 20-27) that 


1 In anoaro(] x2 — Ini) (20-40) 


ts1 =. 
8: arolcs + anoatol x2 


Using In2 = —Ics — Ino, In: = —Ics — Im, and 


anol 
les = ene = hrzl ea 


we find (Prob. 20-28) that 


= Is1 — Ine 
ta = rin pe (20-41) 
where 7, is the storage time constant and is defined by 
n= d__ewter (20-42) 


81 wywr(1 — anoaro) 


Note that Jz; and Ig: are the base currents before and after the turn-off edge of 
the driving pulse and 


I 


The Base-current Waveform The base current is shown in Fig. 20-13c. 
Initially, before the application of the driving pulse, the transistor is in cutoff 
and the base current for an input v; = V2 is nominally zero. At the termina- 
tion of the pulse, the transistor is in saturation and the base has a charge of 
minority carriers. These minority carriers in the base will allow a flow of 
current in the reverse direction across the emitter junction. Until such time 
as the minority carriers are swept out of the base, the emitter junction will 
behave like a forward-biased junction even when the current is flowing in the 
reverse direction. The minority carriers will not have been swept out of the 
base until the transistor is on the point of entering the cutoff region. Accord- 
ingly, if the reverse voltage V2 is applied to the base through a resistance R, 
and if V2 is very large in comparison with the voltage across a forward-biased 
junction, a base current Ip. ~ V2/R, will flow until cutoff is reached. The 
onset of cutoff is not sharply defined. For, even when the bulk of the minority 
carriers have been swept across the emitter junction back into the emitter, 
a period of time will still be required for those minority carriers located far from 
the junction to diffuse toward the emitter, there to be collected. After the 
minority carriers are for the most part removed, the base current will return 
to its nominally zero value. But the base current will not drop abruptly to 
zero because of the effect of the straggling minority charge and also because 
the base current must now provide charge for the emitter-junction and col- 
lector-junction transition capacitances. Hence the base current iz, as shown 
in Fig. .20-13c, remains constant until about the time when iz¢ becomes zero, 
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and then begins to fall to zero. This reversal of base current is advantageous 
in shortening the storage time, as the following example will show. The wave- 
form in Fig. 20-13c should be compared with the analogous reverse current in a 
diode as depicted in Fig. 20-5d. 


ein Higcemadrep aes rt ARR LI ASN Pe sea aos 


EXAMPLE For the circuit of Fig. 20-15, (a) calculate the storage-time compo- 
nent ty1. (b) Find ts1 if V2 = 0. 


Solution a. We use hrz = 100 (avo = 0.99). For an alloy-type transistor such 
as the 2N404, faw = 1.2f7 = 12 MHz. In Sec. 6-17 we assumed ayo = 0.5. Let 
us assume now that far = 1 MHz. Then, from Eq. (20-42), 


2r(12 + 1) 


t= = 0.34 usec 
(2m)?(12)(1)[1 — (0.99) (0.5)] 
Ip; * eal = —1.0mA 
8 
From Fig. 20-15 
4 
Ig. = 8 = +0.5 mA 
Tes 10 
lpg = —— = —— = -0.1 mA 
hire 100 ms 
and from Eq. (20-41) 
—1.0 — 0.5 
i, = (0.34) (2.30) log O01 05 = 0.31 BSseC 
b. For Iz. = 0, 
—1.0 
tay = (0.34) (2.30) log 7 = 0.78 usec 
Note that with a reversed base current, as in (a), the storage time is greatly 
reduced. ; 
20-15 THE FALL TIME 


The fall time t; is calculated in a manner analogous to that used in finding the 
rise time ¢,. For during the course of returning from near saturation to near 
cutoff the transistor passes through the active region. Hence the fall time 
constant is the same as the rise time constant r, given in Eq. (20-19). The 
current starts at Zc¢s and would go to hrzl zz if the circuit continued to behave 
linearly (instead of reaching cutoff). The base current Ig: which is applied 
to drive the transistor to cutoff is usually a reverse current which persists until 
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the collector current has just about reached zero. This reverse current will 
shorten the fall time just as it shortens the storage time. Corresponding to 
the overdrive factor N; for the rise-time calculation, we may define a parameter 


N, = — hele (20-43) 
Tos 


Since Jz: is of the opposite sign to I¢s, then N2 is a positive number. We find 
that the time ¢o.5 for the collector current to fall to 0.9Z¢g is given by 


= 1+ 1/N, 
tog = Tr In T+0.9/N; (20-44) 


By definition, the second part of the storage time f,2 equals to.». The fall time 
ty required for zg to fall from 0.97 ¢s to 0.1J¢s is given by 


1 + 0.9/N2 


ty = tor ~ too = 7rIn 1+0.1/N; (20-45) 
For large values of Nz we may expand the logarithm and obtain 
_ 0.87, 0.50 , 0.30 By, 
y= a (1 Wot we ) (20-46) 
For heavy overdrive in the reverse direction N2 >> 1; then 
wv O8Tr _ _o.g t les (20-47) 


4 © Wr se 


which is independent of hrg since 7, in Eq. (20-19) is proportional to hrg. 


SSRN CEN ES RU OR HA ME REL rut AN eB E 


EXAMPLE For the circuit of Fig. 20-15, calculate (a) the fall time t; and (b) 
the time ¢,2 necessary for the collector current to fall to 0.97¢s from its saturation 
value. 


Solution a. From previous calculations Jz. = +0.5 mA, Ics = —10 mA, hrs = 
100, and 1,/hrz = 23 nsec, Hence Nz; = —hrsls2/Ics = —(100)(0.5)/(—10) = 
5.0. Since Nz is not very much greater than unity, then we must use the exact 
expression, as in Eq. (20-45), 


1 +0.9/5 
ty = (100)(23)(2.30) log 1+ 9-9/5 _ 935 
+ = (100)(23)( ) log 01/5 35 nsec 
b. tre = to.» = (100)(23)(2.30) toe = 39 nsec 


The total storage time is t, = t. + t2 = 310 + 39 = 349 nsec. The total 
turn-off time torr = t. + ty = 349 + 335 = 684 nsec = 0.68 usec. 
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20-16 CHARGE-CONTROL DESCRIPTION 
OF TRANSISTOR BEHAVIOR?2 


Up to the present we have described the operation of the transistor in terms of 
the junction voltages and currents. We did, however, see in connection with 
our discussion of storage time how a consideration of the charge stored in 
the base gave a physical picture of the operation of the transistor. We shall 
now pursue further the characterization of the operation of the transistor in 
terms of charge storage in the base and at the junctions. This charge-control 
analysis has the merit that it gives further insight into the physical operation 
of the transistor and, in some cases, facilitates certain types of calculations. 
The plots in Fig. 20-19 show the minority-carrier charge density in the 
base for three conditions. The plot S corresponds to operation in the satura- 
tion region. The plot SA corresponds to the case where the transistor is in 
the active region but just at the point of saturation. Since the collector 
currents are the same in these two cases, the slopes of these plots are the same 
but the plot SA has the value zero at the collector. The curve A corresponds 
to operation in the normal active region. The collector current in the active 
region is related to the carrier density by the diffusion-current equation 


P(O) 
Ww 


I¢ = q@Dz 2 = —qaDz (20-48) 
where g is the carrier charge, @ is the cross-sectional area of the base, Dg 
is the diffusion constant for minority carriers in the base, p is the density 
of the injected minority carriers, P(O) is the density at the emitter, and W is the 
width of the base region. The average density of holes is P(O)/2, and hence 
the minority charge Qz in the base in the active region is 


_ gP(0)aW we 
— 


Q 3 aaa 7 578 I¢ (20-49) 


from Eq. (20-48). It should be borne in mind that Qz is a positive charge and 


Emitter Collector 
f 
Pp 


Fig. 20-19 Excess-minority-carrier density 
distributions for the saturated condition 

S (S), the crossover point between saturation 
and active operation (SA), and the normal 
active region (A). These three curves 


sie, correspond to those in Fig. 20-18b, c, and d, 
respectively. 
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that the negative sign appears in Eq. (20-49), as well as in Eq. (20-48), only 
because [¢ is arbitrarily taken positive when current flows into the transistor. 
The exact factor of proportionality between Qs and Ic, as given in Eq. (20-49), 
is valid for a transistor having ideal one-dimensional current flow. However, 
the equation suggests and we shall assume that, regardless of the geometry of 
the transistor, Qs is proportional to Ic. The factor of proportionality is to be 
determined by measurement if calculation is not feasible. The importance of 
Eq. (20-49) rests in that it indicates that the collector current is determined by 
the excess-minority-carrier base charge and that the base charge may be viewed 
as the independent variable, in place of the base current, to determine the 
collector current. 

It is important to realize that actually the net charge in the base must at 
all times be zero. Thus in a p-n-p device, a positive charge accumulates 
in the base because of the injection of holes across the emitter junction. If 
this charge were not neutralized, an electric field would be generated, restrain- 
ing the emission of further holes into the base. The neutralizing charge is 
provided by the base current. Accordingly, if a positive base charge Qs has 
been supplied through injection of minority carriers across the emitter junction, 
then the past history of the base current, which is supplying electrons to the 
base, must be such that the integrated effect of the base current has similarly 
caused the accumulation of an equal but negative charge. The two charges, 
positive and negative, must not only be equal in magnitude but must also be 
similarly distributed so that charge neutrality may be in effect from point to 
point in the base. Accordingly, the density distributions shown in Fig. 20-19 
for the minority carriers that enter by way of the emitter junction apply 
equally to the majority carriers that enter by way of the base terminal. 

The description above of the manner in which the minority charge deter- 
mines the collector current and the majority charge neutralizes the minority 
charge makes it appear that in the steady state there is no need for base 
current. Thus, it suggests that, when the base current has supplied the charge 
necessary to sustain a collector current, the collector current might thereafter 
continue indefinitely without base current. In an ideal transistor, such would 
actually be the case. In a physical transistor the minority-carrier charge 
and the majority-carrier charge, in the presence of one another, diminish 
because of recombination. Thus a small base current must flow to replenish 
the majority charge lost by recombination, and the emitter current must be 
larger than the collector current by exactly the base current needed to replenish 
the loss of minority charge due to recombination. 


The Fundamental Charge-control Equations At the emitter junction of 
the transistor a current tz of minority carriers, say holes, enters the base. 
(Since the emitter is doped very much more heavily than the base, we may 
neglect the small current across the junction in the opposite direction carried 
by electrons.) At the collector junction a current —i¢ of minority carriers 
leaves the base. The total current of minority carriers directed into the base 
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is tg — (—t) = ig + ic = ~iz. Therefore the charge-control equation 
(20-5), when applied to the base region, becomes 
GOs On 2 5, (20-50) 
at Tb : 


where Qz is the charge of excess minority carriers in the base and 7, is the life- 
time of these carriers in the base. In the steady state dQs/dt = 0, with a 
steady base current ig = Ig, Eq. (20-50) becomes 


jparn 22 (20-51) 


T) 


We also have from Eq. (20-49) that 


Io =- oe (20-52) 
where, in a simple one-dimensional case, 7, = W?/2Dz. The parameter 7, has 
the dimensions of time and is referred to in the literature as a time constant. 
However, it has no simple and direct interpretation as a time constant as does 
7. In a similar way we may introduce a third time constant 7. defined by 
Iz = —Qzs/7.. However, since Jz + I¢ + Iz = 0, this third time constant is 
not independent of the other two. 

Equation (20-51) applies only in the steady state, whereas more generally 
Eq. (20-50) is valid. We assume, however, that Eq. (20-52) applies not only 
in the steady state but also when the collector current is changing. To make 
this assumption apparent we rewrite Eq. (20-52) in the form 


iijpe= ea) (20-53) 


since by convention a lowercase symbol represents a time-varying quantity. 
Our assumption is equivalent to considering, as we did in the case of the diode, 
that the current depends on the total charge and not on its distribution across 
the base region. It is possible, of course, to improve the approximation by 
dealing separately with the stored charges in various regions of the transistor 
rather than with one single total stored charge. But each such improvement 
of the approximation introduces additional time constants and complicates 
the analysis. As noted in Sec. 20-6, in connection with diodes, the approxima- 
tion in which only one total charge Qz is taken into account is the best possible 
approximation consistent with an analysis based on the single time constant 73. 


Correspondence between the Charge-control and the Equivalent-circuit 
Parameters The relationship of the time constants 7, and 7, to other familiar 
equivalent-circuit. parameters may be seen in the following discussion. In the 
hybrid-II equivalent circuit. of Fig. 4-7 the excess-minority-carrier charge is 
stored in the diffusion capacitor Cp. This capacitor Cp, which is not explicitly 
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in evidence in Fig. 4-7, is Cp = C. — Cr, where Cr, is the emitter-junction 
iransition capacitance. The resistor rz, allows the decay of the charge stored 
on Cp. Hence, just as was discussed in the case of the diode (Sec. 20-4), if the 
circuit model and charge-control model are to give the same results, we require 
that 7, = Cory. If now we neglect all capacitors other than Cp then, from 
Fig. 4-7, the frequency at which the short-circuit current gain (Sec. 4-6) falls 
by 3 dB is 

a | 

fi = QaryeCp  2ars 


(20-54) 


Using the fact that ry. = hy./gm (Eq. (1-11)] we may write ff = gm/2mh;Co, 
which is to be compared with Eq. (4-17) for fs in which Cr, and Cr, (= C,) are 
not neglected. Finally, since, as in Eq. (4-18), ft ~ hyefg, we may write 


= aR = ws 7 ue (20-55) 
with wr = 2rfp and f* the frequency at which the short-circuit current gain 
would be unity if the only charge stored were the charge in the transistor base; 
that is, f7 neglects the effect of the charge stored on the junction transition 
capacitances. 

We also have from Eqs. (20-51) and (20-52) 


hes = # = (20-56) 
B Te 
and 
pd cy te 4 iS 
a i Ttas (20-57) 


Thus we observe that, whereas 7, determines the transistor speed, the ratio 
7>/Te determines the current gain. 


20-17 RISE-TIME RESPONSE BY CHARGE-CONTROL ANALYSIS 


In Fig. 20-20 a transistor has applied to its base a voltage step of amplitude V 
through a parallel combination of R and C. We shall now examine the 
response of the collector current to this input signal. As a matter of conven- 
ience we shall assume that when the input signal is at its lower level, the transis- 
tor is at the boundary between cutoff and the active region and the stored 
charge in the base is zero. This assumption will make it possible for us to 
neglect the distinction between base charge (current) and an increment of base 
charge (current). However, the results to follow apply equally well for any 
initial level, provided only that in both the initial and final states the transistor 
is in the active region. 

We consider first the case where C = 0, so that at the application of the step 
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1.0 


(a) (b) ate : 


Fig. 20-20 (a) A voltage step is applied through a parallel RC combination to the 
base of the transistor. (b) Waveforms of the collector current (normalized) for 
fixed C and several values of R. 


in voltage there is a step of base current iz ~ V/R = J, neglecting rw. Com- 
bining Eqs. (20-50) and (20-53) we find that 


dtc , to Ff 20- 
Tees (20-58) 
Solving for ze, subject to the condition that ic = 0 at t = 0, we find 


io = PIG — etl) = hen — el) (20-59) 
Te 
from Eq. (20-56). Therefore the collector current rises exponentially from its 
initial to its final level and the rise time is t, = 2.27». 
Next let C #0. Then the step V will cause the injection into the base 
of a charge of majority carriers of magnitude CV. As a consequence there 


will appear a charge of minority carriers Q@; = —CV and from Eq. (20-52) a 
collector current 
Ic = av (20-60) 


The collector current will change abruptly from zero to this value but in general 
will not persist. The base charge Qp will decay with a time constant +, and 
te will fall to hpzl = 7,V/7-R with this same time constant. 

It is now clear how we may cause an abrupt change in collector current and 
arrange that the collector current sustain its new value. Suppose we have a 
voltage step V and desire an abrupt current change Jc. Then from Eq. (20-60) 
we select a capacitor C = 7,Jc¢/V. The stored base charge Qs then has a 
magnitude CV, and to sustain this charge we require a base current Jz = Qs/ts 
or V/R = CV/m. Therefore RC = 7, s0 that R isdetermined. In summary, 
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if we select RC = 7, then the charge which appears in the base in response to 
the step is of such magnitude that the continuous current through R is just 
adequate to replace this charge at the same rate at which it is decaying owing 
to recombination. 

If R is selected smaller than required by the condition RC = 7, then the 
steady-state base current is larger than required to sustain the initial base 
charge. The base charge grows with time and correspondingly so also does 
the collector current. Waveforms for collector current for various ratios 
RC/r, are shown in Fig. 20-200. 

The time constants 7, and 7, may also be determined experimentally using 
the circuit of Fig. 20-20a. Thus when RC is adjusted so that the step in collec- 
tor current is sustained at its final value without falling off or growing, then 
t = RC. And with this adjustment 7. = CV/Ic. 


20-18 RISE-TIME RESPONSE INCLUDING TRANSITION CAPACITANCES 


In this section we shall extend our discussion of rise-time response to take into 
account the junction capacitances heretofore neglected. We shall develop the 
analysis in a manner which will make clear the correspondence of the stored- 
charge method with the equivalent-circuit method. 

The base current must supply the majority charge which neutralizes the 
excess stored minority charge. It must also supply the charges Qr. and Qre 
which appear on the emitter- and collector-junction transition capacitances 
Cre and Cre. Hence to take account of these capacitances, the basic conserva- 
tion-of-charge relationship expressed in Eq. (20-50) must be modified to read 


4 (Qe + Qre + Qre) + we = —tp (20-61) 


The signs associated with Qr. and Qr. result from the fact that the charges on 
the base sides of the emitter and collector junctions are of the same polarity as 
the excess-minority-carrier charge Qs stored in the base. From Eq. (20-61) 
we see that a charge increment —7s dé must equal the increments dQz, dQre, 
dQr., and Qs dt/7. We now calculate these increments separately. 


1. The Minority-carrier Base-charge Increment dQ, In the hybrid-I 
equivalent circuit of Fig. 4-7, the capacitor C, = Cy + Cr, where Cp is the 
diffusion capacitance which equivalently stores the base charge, in the active 
region, and Cy, is the emitter-junction transition capacitance. We have then 


aQez = —Cp dvy'. (20-62) 


in which the minus sign appears because dQz is the minority charge. Since for 
a small collector-circuit resistance R, the collector current is t¢ = gms, We 
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have 


dQzp = — “ dic (20-63) 


2. The Emitter-transition-capacitance Charge Change dQr, Analogous 
to dQz we have that the charge which must be supplied to the transition 
capacitance Cr, at the emitter is 


dQre = — ae dig (20-64) 


m 


The total emitter capacitance is C. = Cp + Cr. Hence, from Eqs. (20-63) 
and (20-64) 


dQs +dQrn = — Ce die = — i dic (20-65) 
Jm or 


We have used Eq. (4-20) involving wr = 2zxfr, where fr is the common-emitter 
short-circuit current-gain—bandwidth product. 


3. The Collector-transition-capacitance Charge Increment dQr. The 
charge which must be supplied to the collector capacitance C. is —C. dvc, where 
dv is the change in collector voltage. If the transistor collector-circuit resist- 
ance is R., a change in collector current dic will change the collector-junction 
voltage by R, dic. Hence 


dQr. = —C-R dic (20-66) 
4, The Recombination Charge In a time dt the charge which must be 


supplied to replace that lost by recombination is Qs dt/rs. From Eqs. (20-53) 
and (20-56) 


Qe _ _ te (20-67) 


T hrs 
Equation (20-61) may now be rewritten, using Eqs. (20-65) to (20-67), as 
=(2 dic | te a 
tg = (= + CR.) di + hae (20-68) 
If tc = Oat ¢ = 0 and if a constant base current ¢g = Ig: is applied, then 
the solution of Eq. (20-68) is 
te = heel ai(l — e) (20-69) 
where 
tr = her (2 + CR.) (20-70) 
wr 


This result is identical with that obtained in Eq. (20-18). If we assume that 
the transition is to be made so rapidly that the effect of recombination may be 
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neglected, we may drop the term i¢/hpg in Eq. (20-68), and we have 


hex dt = tp = Ip (20-71) 
Ty 0.9log 5. = tr 
= I an, dic = f" Inde (20-72) 


where the rise time ¢, is the time for the collector current to increase from 
one-tenth to nine-tenths of its saturation value Ies. We find 


Te I cs 
tr = 0.8 keel (20-73) 
as in Eq. (20-25). 

On comparing Eq. (20-70) with Eg. (20-55) it appears that in the charge- 
control method, when we extend the analysis from the case where the transition 
capacitances are neglected to the case where they are taken into account, we 
need but to replace 7, in Eq. (20-55) by the value 7 = 7, given in Eq. (20-70). 
We must, however, keep in mind that in the analysis leading to Eqs. (20-69) and 
(20-70) we have neglected the fact that the transition capacitances are not con- 
stant but rather are functions of the junction voltages. Secondly, we have 
neglected [as in Eq. (20-63)] the fact that the volt-ampere characteristic of a 
junction is not linear but rather is exponential. [This nonlinearity makes its 
appearance in the hybrid II by virtue of the fact that rv. (or gm) is not constant.] 
When these nonlinearities are neglected, we observe that the stored charge is 
linearly related to the transistor currents. When, however, the capacitances 
are taken into account we must expect that this linearity will no longer apply 
exactly. The charge-control time constants, as measured, and hence including 
the effects of the transition capacitances, are usually represented by the sym- 
bols T, and T.. These time constants will then be functions of the operating 
point. In this respect, however, the situation is no worse than we normally 
encountered with any equivalent circuit. We may, in this case, as in previous 
cases, effectively use a piecewise linear and continuous representation. If the 
charge stored on the transition capacitance is small in comparison with the 
stored base charge, the variation of time constants with operating point need 
not be pronounced. 


20-19 STORAGE TIME BY THE CHARGE-CONTROL METHOD 


In the active region the transistor has a stored majority base charge Qg = Isr. 
This relationship between base current and base charge applies up to the point 
of saturation where the base charge is Qe, and is maintained by a base current 
Iza. When the transistor ig in saturation, the base charge consists of the 
charge Qz, plus the saturation charge Qzs, as shown in Fig. 20-18b. We may 
certainly expect that an additional component of base current [zg will be 
required to maintain the extra charge Qas. Accordingly we may relate the 
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charge Qzs to the current Ips through a time constant r., 80 that Qes = 7D zs. 
Our first inclination might well be to expect that the decay time constant 7. for 
the saturation charge Qzs is the same as the decay time constant 7, for the base 
charge in the active region. We shall now explain why such is not the case. 

As we have already seen, when a transistor is in saturation, it is operating 
in both the normal and the inverse directions at the same time. Just as a 
transistor has parameters ay and ay (wy and wr), it also has time constants 
row and to (rey and Ter). We may expect such a difference on physical grounds. 
Consider a transistor carrying a current first in the normal direction and. then 
in the inverse direction where the emitter is now the collector. In one case the 
base charge density will be at a maximum at one junction and in the other case 
at the other junction. Since the areas of the junctions may well be very differ- 
ent, the total charge stored per unit collector current will be larger when the 
larger junction is serving as the emitter. Thus in an alloy junction transistor 
where the collector is much larger than the emitter junction we may expect 
tet > Ten. Also the time constants 7,v and 7» will be different because these 
decay time constants depend in part on recombinations which take place on 
the surfaces of the transistor. And the charge distribution and hence surface 
recombination are different for the two current directions. 

We may then expect that the storage time constant 7; will depend on the 
time constants for the normal and inverse directions. Such is indeed the case. 
The derivation of 7, in terms of these normal and inverse time constants 
parallels very closely the derivation given in Sec. 20-14 for 7, in terms of the 
normal and reverse values of a and w. 


Calculation of Storage Time We shall now find an expression for the time 
te required to remove the saturation charge Qzs and thereby bring a transistor 
out of saturation. So long as the transistor is in saturation, the voltages across 
the junctions remain fixed and consequently there are no changes in the charge 
stored on the transition capacitances. The base charge is Qs = Qa + Qzs. 
The transistor is initially kept in saturation by a current J1, and at ¢ = 0 the 
current is abruptly changed to Ig2.° The current Iz: is less than Iga, so that 
eventually the transistor will come out of saturation. 

The basic charge-control relationship may now be written 


Tu = Gna + 25s 4 ales (20-74) 


Ts 


In Eq. (20-74) we have recognized that the charges Qza and Qzs decay with 
different time constants and that as long as Qss ¥ 0, dQza/dt = 0. Since 
Qea/t = Ina we may rewrite Eq. (20-74) as 


Igo — Ips = as + ies (20-75) 
Ts t 


Integrating Eq. (20-75) subject to the condition that at t = 0, 
Qss = ts(1 a1 — Iza) 
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we find 
Qs _ te(la1 aa Tno)et! + te(Ine a Txa) (20-76) 


The storage time #,, is determined by the condition Qgs = 0 at t = t,,. We 
find 


a Is: — Ino 
t51 = 7, In la = Gs (20-77) 


in agreement with Eq. (20-41). The base current J sa at the boundary between 
the active region and saturation is given by Ina = Ics/hrx, where Icg is the 
collector saturation current. 

If the storage time is small enough so that recombination is negligible, then 
the term Qzs/7, in Eq. (20-75) may be dropped. Integrating this equation 
over the storage time, 


fot 0 
0 (Igo — Ipa) dt = I Ons dQ (20-78) 
or c 
= —Qas =f as In — Iza ‘) 
ter Tis .— Tea = Ts Tao = Toa (20 79) 


where Ig: — Ina = Ing = Qag/7s is the current required to maintain the excess 
saturation charge Qzs. (Since Is: ~ Ina and Ip, — Iga are of opposite sign, 
ts1 is positive.) Equation (20-79) gives a conservative (too large) estimate of 
storage time because recombination has been neglected. Since some of the 
excess charge is disappearing owing to recombination, then the time t,; neces- 
sary to remove the stored charge will be less than that calculated in Eq. (20-79). 


Experimental Determination of r, The storage time constant r, may be 
determined experimentally by an adaptation of the method of Fig. 20-21.. This 


Vor (sat), 


(0) 


Fig. 20-21 (a) The input step carries the transistor from saturation to the edge of 
the active region. (b) The collector waveforms. The collector-to-emitter voltage 
corresponding to V, is Voz(sat), and to V2 is Vor(sat) >. : 
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circuit will be recognized essentially as the resistor-capacitor transistor logic 
(RCTL) switch of Sec. 9-16 (Fig. 9-50). The input is a negative step between 
levels V; and V2. At V; the transistor is well into saturation, and V: is the 
critical value of applied base voltage which just brings the transistor to the 
boundary between saturation and the active region. If the saturation base 
current is Igg then 


V =Vi— V2 = Uai — Iea)R = Issk (20-80) 


If C has been adjusted properly, then the amount of charge abruptly removed 
from the base is 


CV = Qzs8 (20-81) 
From Eqs. (20-81) and (20-80) we find 


@ss 2 7, = RC (20-82) 
BS 

The proper value of C is easily identified. If C is too large the transistor will 
temporarily enter its active region and the collector voltage will have the form 
shown in Fig. 20-21b for C > r./R. If RC = +, then the collector waveform 
exhibits only the small voltage change corresponding to the abrupt transition 
from saturation to the edge of the active region. 


20-20 STORED BASE CHARGE AS A PARAMETER 


The total charge stored in the base Qr under particular operating conditions 
is a parameter very frequently listed on a switching-transistor data sheet 
alongside the more customary parameters like hrz, Iczo, etc. The measure- 
ment of Qr is made in connection with the circuit of Fig. 20-22. The driving 
signal is supplied from a low-impedance source of the order of 509. The volt- 
age V at the upper level provides a base current V/R which establishes the 
transistor in saturation. At the transition the input waveform drops abruptly 
to zero and the transistor starts toward cutoff nominally. The waveform of 


(a) = (b) 
Fig. 20-22 (a) Circuit used for measuring Qr; (b) the output waveform is indicated 
for various values of C from C = 0 to the value of C = Qr/V. 
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the collector voltage is observed on a scope during turn-off as a function of the 
setting of the adjustable capacitor C. 

When the transistor has attained cutoff, all the stored base charge Qr 
must have been withdrawn from the base and transferred to the capacitor C. 
If the capacitor C is just adequate in capacitance to permit this transfer, then 
the stored base charge Qr is 


Qr = CV (20-83) 


Experimentally we may recognize that C is not large enough to allow the 
transfer of all the stored base charge by noting that the transition at the 
collector in Fig. 20-22 consists of a rapid portion followed by a slower portion. 
When, on the other hand, we have adjusted C to the minimum value that 
makes the recovery at the collector rapid all the way to Vcc, then we may 
calculate Qr from Eq. (20-83) using this minimum value of C. Figure 20-22b 
illustrates successive forms of the collector voltage in a typical case as C is 
increased from zero. 

The stored base charge Qr, like every other parameter, depends on the 
operating circumstances of the transistor. It isa function of the base current 
and collector current, which determine the extent to which the transistor is 
saturated. But it also depends on Voc, since Veg determines the extent to 
which the collector capacitance must charge. And it depends as well on the 
temperature, increasing with increasing temperature. Accordingly, to make 
serious use of this parameter we should have data concerning its dependence 
on operating conditions. Some manufacturers, in connection with certain 
switching transistors, make this information available. On the other hand, 
using the procedure given in connection with Fig. 20-22, it is a simple matter to 
measure Qr under any conditions of interest. In order that this measurement 
procedure may yield an accurate result, it is necessary that the input step have 
a rise time which is small in comparison with the decay time constant of the 
stored charge. Otherwise some of the charge will disappear by recombination 
during the time of rise of the input waveform and the measured Qr will fall 
short of the actual stored charge. 


Size of Commutating Capacitance in a Flip-Flop In Sec. 10-5 we con- 
sidered the appropriate size for the commutating capacitance to be used in a 
binary tube circuit. At that point we were not able to indicate the proper size 
for a commutating capacitance in a transistor flip-flop. We may, however, do 
so now. The change of state of a transistor from on to orF normally takes 
longer than the reverse transition because of the storage time involved. Let 
us then consider how the commutating capacitor may help to turn a transistor 
OFF, 

In a flip-flop (Fig. 10-13a) let Q1 be orr and Q2 on. Ata transition, Q1 
goes on. Therefore there is applied through C, a negative step of amplitude 
equal to the collector voltage swing. At the moment the collector of Q1 drops 
to Vex(sat) the impedance seen looking back into the collector of Q1 is nomi- 
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nally zero. Therefore the situation is entirely analogous to that shown in 
Fig. 20-22. Hence C, should be selected nominally equal to C as given 
in Eq. (20-83). By way of example, we find for the type 2N404 that, if 
the transistor is in saturation with Jc = 10 mA and Iz = 1 mA, an average 
unit has a stored charge Qr = 800 pC and in the worst case Qr = 1,400 pC. 
Suppose that the collector swing is 10 V. Then, for a flip-flop in which the 
on transistor carries these currents, we should use a commutating capacitance 
C, = 1,400/10 = 140 pF. 


20-21 THE RCTL SWITCH" 


We encountered the resistor-capacitor transistor logic (RCTL) switch in 
Sec. 9-16 (Fig. 9-50). This switch is redrawn in Fig. 20-23. We assume for 
convenience that the input signal has two levels, one at zero and the other at V. 
The resistor R, represents the source impedance and includes the base-spreading 
resistance rs. The resistor R isintroduced so that when»; = V the base current 
is limited to a value that carries the transistor reasonably into saturation. 

For a pulse input, the base current has the form shown in Fig. 20-246. 
Initially, because of the capacitor, the current rises to tp = V/R,. Thereafter 
it decays to 7 = V/(R +R.) with a time constant RC, where Ry is the 
parallel combination of R, and R. The lower current is enough to maintain 
saturation. The spike of current allows a faster establishment of the required 
value of stored charge. Similarly at the end of the pulse at ¢ = ¢, the negative 
spike of base current will hasten the removal of the stored charge. The capaci- 
tor voltage at t = tp is V, = igR = VR/(R, + R). Hence, the base current 
att = tp+ when »; drops to0is —V./R,. In Fig. 20-24b we have assumed that 
att = 7?’ the stored charge has been removed, so that the transistor is at cutoff. 
Hence, at this time, the base current drops to zero. 

If the charge-storage time constants 7; and T, are known, we may calcu- 
late the times required for the transistor in Fig. 20-23 to turn on and to turn 
orr. The calculation is precisely the same as in the illustrative problem on 
page 764 since the base circuit is identical to the circuit of Fig. 20-11. In 
calculating the time to turn orr we shall have to calculate separately the time 
to come out of saturation and the time to cross the active region to cutoff since 
T, and T, are not the same. 


+ 
uj 


Fig. 20-23 The resistor-capacitor transistor logic (RCTL) switch. 
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Fig. 20-24 (a) The input voltage to the base 
of an RCTL switch; (b) the base-current ig 
waveform iz(é). 


I, VR 


“VR, RS(R+R,) 


If it should happen that the time constant RC is very long in comparison 
with the turn-on and turn-off times, then we may assume that the base current 
is constant at one or the other of its peak values and we may make the calcula- 
tion using Eqs. (20-24) and (20-41). 
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APPENDIX 


A RINGING CIRCUIT 
WITH NONZERO 
INITIAL CONDITIONS 


Consider the ringing circuit of Fig. A-1, in which there is an initial voltage V, 
across the capacitor C as well as an initial inductor current J. It is now 
convenient to introduce a parameter A, defined as the ratio of coil current to 
resistor current at t = 0: 


_ I _IR 
a= TET (A-1) 


The output v,/V, can be expressed as a function of time (x = t/T,) with 
A and k as parameters, The definitions of k and T. are 


1 {L — 
k= aR Ve and T, = In /LO (A-2) 


Critical damping, k = 1 


v. = [1 — (1 + 2A)(2mx)e2** (A-3) 
Overdamped, with 4k? > 1 
Z =o Ge + a) ecrelk (1 + A)e—*k= (A-4) 


Fig. A-]_ Ringing circuit with initial 
current J in inductor and initial voltage 
V, across capacitor. 
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Fig. A-2 Plot of Eq. (A-3). 


Underdamped, k < 1 


ee [-« + 2A) 


4 ] _— k2 
, sin Qn V1 — k? x 


ns. ae 
V1 — k? 

+ cos 2a +/i — k? 2| en?tkz (A-5) 
These responses are plotted in Figs. A-2 to A-4. We note that even for the 


ss 


Fig. A-3 Plot of Eq. (A-4) with & = 4. 
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Fig. A-4_ Plot of Eq. (A-5) with & = 0.2. 


critically damped case there may be an undershoot; i.e., the output which’ 
starts at a positive value drops to a negative value before returning asymp- 
totically to zero. If V, and J have the relative polarities indicated in Fig. A-l, 
then A is positive. . If the relative polarities differ from those indicated, then 
A is negative. For a negative A, the output may rise first (see the curve for 
= —2.0) before falling to zero. The physical reason for this initia] increase 
in output is that the inductor current (with the polarity opposite to that in 
Fig. A-1) may charge the capacitor to a more positive voltage before C dis- 
charges through the resistor. We see that the waveform depends upon the 
inductor and resistor currents (the sign and magnitude of A) and upon the 
amount of damping (the value of k). 
The areas under each curve of Figs. A-2 to A-4 is —kA/r. This can be 
verified by direct integration or much more easily by proceeding as follows. 
Since 


= Geo eae 
oat VAT, dz 
then 
— © Uo a L = Pie aL LI _ _ LA 
Mea fe Vt ead OO yee, 
LA 1 —kA 


(A-6) 


 (1/2k) VLC 2x /LG 


DISTRIBUTED-PARAMETER 
DELAY LINES 


In order to increase the inductance L of a coaxial cable (so as to increase both 
T and Z,) the straight center conductor is replaced with a continuous coil of 
wire in the form of a helix, as indicated in Fig. B-1. Since the center conductor 
is wound in a tight helix, the magnetic flux in the region between inner and 
outer conductors may be neglected. The inductance then equals that of a 
solenoid of diameter a, with n turns per meter, or 

_ pn'ra? 

4 

where u; is the relative permeability of the core on which the solenoid is wound. 


The capacitance is that of coaxial cylinders with a material of relative dielectric 
constant ¢, between the diameter D and d, or 


_ Ore 2.40 X 10-He, 
~ In(D/d)~ log (D/d) 
For a type RG-65/U cable (Federal Telephone and Radio Company) whose 


parameters are D = 0.285 in., ¢ = 0.11 in., helix of AWG No. 32 wire of 
diameter 0.008 in., with n = 112 turns per inch and a polyethylene dielectric 


L = p,n?na? X 1077 H/m (B-1) 


C F/m (B-2) 


Helically wound 
center conductor 


CMM 
{SOOO COOOOOOCS 7 — 
Inner core 
(possibly magnetic) (Ly 


Insulation 
(a) (6) 
Fig. B-1 Helical high-impedance delay cable. (a) Longitudinal section; 
(b) transverse section. 
798 


App. B DISTRIBUTED-PARAMETER DELAY LINES / 799 


(e, = 2.3), values of Z, = »/L/C = 1,050 Q@ and T = VLC = 0.16 usec/m 
are calculated. These agree reasonably well with the measured values of . 
Z. = 950 2 and T = 0.14 usec/m. Note that the helical center conductor 
has increased the delay of the conventional polyethylene coaxial cable from 
0.005 to 0.13 zsec/m, or by a factor of 26, and the impedance from 50 to 950 Q, 
or by a factor of 19. 

The inductance may be further increased by winding the helical inner 
conductor upon a ferromagnetic core. The type HH-1500A (Columbia 
Technical Corporation) is identical with the RG-65/U cable except that a flex- 
ible, stable, low-loss magnetic core (uy ~ 2) isused. For this line, Z, = 1,5002 
and T = 0.23 ysec/m, which is an improvement by a factor of ~/z, ~ 1.4. 
The HH-2000 (RG-176/U) is a similar high-fidelity line, with Z, = 2,200 & 
and T = 9.36 usec/m. 

It follows from Eqs. (B-1) and (B-2) that if the dimension d in Fig. B-1 
is increased while D is kept constant, then both L and C, and hence T, are 
increased. The General Electric Company manufactures a line (type DL1100) 
in which a is as large as possible, the inner and outer conductors being sep- 
arated by a thin layer of insulating tape which is effectively 0.003 in. thick. 
The helical conductor consists of No. 40 insulated wire with 277 turns per inch 
wound on a +-in.-diameter flexible plastic tubing. The outer conductor is 
made of a braid of insulated wires which are electrically connected only at the 
ends of the cable. If the braid were not insulated, the eddy currents would be 
excessive. For this line, Z, = 1,100 9 and T = 1.8 usec/m. 

A higher impedance may be obtained without sacrificing delay by increas- 
ing L and decreasing C. The type HH-2500 line (Columbia Technical 
Corporation) is similar to the DL1100 line just discussed, except that L is 
increased by using a magnetic core (u, ~ 4) and C is decreased by using a 
thicker polyethylene spacer (0.035 cm) between inner and outer conductors. 
For this line, Z, = 3,000 2 and T = 2.0 usec/m. The HH-4000 and HH-1600 
are similar lines having characteristic impedances of 3,900 and 1,700 Q, 
respectively, and each has a delay of 3.35 usec/m. For lines of this type, in 
which the outer conductor is composed of insulated strands, there is unfortu- 
nately some leakage of the fields outside the line. Two lines placed in close 
proximity side by side will exhibit some cross coupling of signals. The atten- 
uation of all of the lines described above is of the order of 0.3 dB/usec of 
delay at frequencies below 1 MHz. The attenuation then increases rapidly 
to about 5 dB/ysec at 10 MHz. 

Short calibrated lengths of delay lines (with the leads brought out through 
plastic endcaps) are available from the manufacturers of the bulk lines. 
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APPENDIX 


' LUMPED-PARAMETER 
DELAY LINES' 


A lumped line is made up of a cascaded series of symmetrical networks such as 
the T section} of Fig. C-la. The image or characteristic impedance Z, of this 
section is defined as follows. If the network is terminated in Z,, then the 
impedance seen looking into the input terminals is also Z. Applying this 
definition, we find 


Zp = az. (1 4 3 (C-1) 


The propagation constant y is defined by V,/V; = e~7 under the condition 
that the impedance Z, is connected across the output terminals. The propaga- 
tion constant is given by 


At 


cosh y = 1+ 27, 


(C-2) 


+ We have chosen to develop the discussion of lumped-parameter lines in terms of the 
T section. A parallel development may be written in terms of the II section. 


SN 
N 


L - L 
2 cs 2 2 


Fig. C-1_ (a) A prototype filter section; (b) a low-pass 
constant-k prototype section. 
800 
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where cosh y = $(e” + e~) is the hyperbolic cosine of y. If (as indicated in 
Fig. C-1) the series element is an inductor L/2 so that Z, = jwl, and the shunt 
element is a capacitor C so that Z. = —j/wC, then Z,Z. = L/C = k, a con- 
stant, independent of frequency. Such a network is called a low-pass con- 
stant-k prototype section. The attenuation factor a and the phase factor 8 are 
defined by y = a + j8, where a and @ are real functions of frequency. Equa- 
tion (C-2) becomes, for the constant-k section, 
2 

cosh (a + j8) = 1 — whe (C-3) 
The passband of the filter is defined by the frequency band over which the 
attenuation factor is zero. Hence, 
wLC 


cosh j8 = cos 8 = 1 — 5 


(C-4) 


Since 8 must be real, then cos 8 must have a magnitude between +1 and ~1. 
Hence, 0 < w*LC/2 < 2. The upper frequency f. given by the above inequal- 
ity is called the cutoff frequency and is given by 


f= (C-5) 


1 
a /LC 
For all frequencies between zero and f., the attenuation is zero, and within 
this passband the phase factor is given by 


f\ | 
cos6 =1—2 (£) (C-6) 
Since cos 8 = 1 — 82/2 + B4/4! — +++ , we have the result that for f<Xfi, 
8<1 and 6 = 2(f/f.). For a sinusoidal input to the filter, V; = Ae and 
Vo = View? = AciMt-i8 = Aciv(t-Blo) = A giw(t-1/xf,) (C-7) 


Thus, if the Fourier spectrum of the input signal to the network consists of 
frequencies all of which are much less than f., the output signal will be a faith- 
ful reproduction of the input signal except for being delayed by a time 


ie = ITO (C-8) 
the 


The quantity ¢, is called the time delay per section of filter. For the constant-k 
network, Eq. (C-1) reduces to 


~ fF f ‘| 
z= Ng ae) a 
For f  f., the characteristic impedance is independent of frequency and equals 
VL/C. 

A delay line is specified? by giving the nominal impedance Z., the total 
delay tz, and the rise time ¢, of the output voltage when an ideal step is applied 
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; wy, 
: \ 
0 | 1 2 3 4 5 6 7 7) 
tt 
‘s We 
Fig. C-2. The step-voltage response of a single-section constant-x filter 


terminated in R, = ./L/C. Curve a: the input impedance is also Z,, 
and y = 2v,/v;. Curve b: the input impedance is zero, and y = v,/0;. 


at the input. The quantity ¢, is related to the delay per section ¢,, but steady- 
state filter theory can give this relationship only after a very difficult Fourier- 
spectrum analysis. On the other hand, the response of a single section can be 
obtained directly by solving the differential equations of the two-mesh circuit 
of Fig. C-16. The result of such an analysis is given (Prob. 3-36) in graphical 
form in Fig. C-2._ The output is taken across a pure resistance R, equal to the 
nominal characteristic impedance »/L/C of the filter. The solid curve a cor- 
responds to a generator impedance equal to the output impedance R,. The 
dashed curve is for a generator impedance equal to zero. We note that the 
peak overshoot is reduced from 22 to 8 percent as the generator resistance is 
increased from zero to R,. Such an improvement is reasonable on the grounds 
that any reflection at the output termination will be absorbed at the input end. 

In the discussion to follow we shall assume a termination R, at each end 
of the filter. From Fig. C-2 we find the delay per section to be ¢, = 1.07 »/LC. 
This value is to be compared with t, = »/LC of Eq. (C-8), which is the result 
that would be obtained if the terminating impedance were the Z, given in Eq. 
(C-9) and if all the frequency components in the input step could be considered 
to be small compared with f.. The rise time per section #,, is found from Fig. 
C-2 to be te = 1.13+/LC. Experimentally we find that the delay ts of n 
sections is times the delay per section, just as would be expected from filter 
theory, 


ta = nt, (C-10) 
Also, experimentally? it is found that the rise time ¢, of n sections is ¥/n times 


that of a single section. It is possible to provide some theoretical justification 
for the factor ~/n, but the matter is involved and we shall not pursue the point. 
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We consider then that, approximately, 
t, = tiv/n (C-11) 
From Eqs. (C-10) and (C-11) it follows that 


Using the value of t1/t. = 1.13 ~/LC/1.07 +/LC = 1.06, found from Fig. C-2, 
we have ‘ 


n= 11 ()" (C-13) 


This equation gives the number of sections required in order to attain the 
desired specified value of t2/t,. If Eq. (C-18) does not yield an integer, then 
the next larger integer is used for n. From the relationships é, = 1.07 »/LC, 
lg = nt, and R, = »/L/C, we find 


oe eT tale 


1.07nR, ~ L07n 


(C-14) 


For given values of ¢,, ta, and R,, Eqs. (C-13) and (C-14) are used to find 
the number of sections 7 required and the capacitance C' and the inductance L 
of each section. The exact value of characteristic impedance is often not of 
importance. Hence, the standard manufactured value of C nearest the value 
obtained from the first of Eqs. (C-14) is used and then this equation is solved 
again for R,. Using this value of R,, the second of Eqs. (C-14) is solved for L. 
This inductance is then wound on a polystyrene cylinder or on a ferrite core. 

Often the characteristic impedance required is dictated by the circuitry 
in which the line is to be incorporated. If there is some freedom of choice 
it is advantageous to design the line for the lowest acceptable impedance. 
Most of the attenuation on a line results from the resistance of the inductors, 
and if R, is small, L can be made small, and the time delay may be kept con- 
stant by increasing the size of C. 

If experiment shows that the output pulse shape is unsatisfactory (too 
much ringing) for a particular application, then a more conservative (smaller) 
value of t, is chosen. Of course, a smaller t, requires a greater number of 
sections. Hence, a line will result which will be more expensive, will occupy 
more space, and will have more attenuation than a line based upon a larger 
value of ¢,. 

We have already emphasized [Eq. (C-7)] that if 6/w is independent of 
frequency the output will be an exact replica of the input but delayed by an 
amount t, = B/w. In Fig. C-3 the normalized t, is seen to be far from constant 
over the passband of a constant-k filter. The constancy of ¢, with frequency 
can be improved considerably by permitting coupling to exist between the two 
inductors of the constant-k section. This modification leads to the m-derived 
filter section, which will now be discussed. 
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ee Fig. C-3_ The variation of normalized 


delay é, versus frequency over 
2 the passband of an m-derived 
filter. The special case 

m = 1 corresponds to the 


Constant — k constant-k filter. 
| m=1 


Consider the network of Fig. C-4, in which m is areal number. From 
Eqs. (C-1) and (C-2) we find that the cutoff frequency fe and the characteristic 
impedance Z, are given by the same expressions as for the prototype filter, 
namely, Eqs. (C-5) and (C-9), respectively. From Eq. (C-2) we find that, 
within the passband, @ is given by 


_ | _2m*( f/f.) ; 
cos B = LT mC ae 


_ The time delay per section (at a given frequency w) is t, = B/w. Values of 
wet, calculated from Eq. (C-15) are plotted versus f/f. in Fig. C-3 with m as a 
parameter. It turns out that the value of m which gives optimum constancy 
of wel. versus f ism = 1.27. For this value of m, the delay is constant: up to 
about 0.6f., whereas for the constant-k filter (corresponding to m = 1) the 
delay already departs appreciably from constancy at 0.2f.. We must not, 
however, naively conclude that an m-derived filter (with m = 1.27) will be 
“three times as good” as a constant-k filter. A comparison can only be made 
after the transient response is studied, as we shall do later. 
For small values of f/f., Eq. (C-15) reduces to 


2 
cos 8 = 1 — amt (F el—> 


or 8 = 2mf/f., and the delay per section is 


ink mL 
2 2. 
| 
* + 
~ _ 
v = L iy Fig. C-4 An m-derived filter section. 


4 o 


[| ft | 
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Fig. C-5 A network equivalent to the m- 
derived section. 


fre ee Bm 
* w Onf xf. 
and since f. = 1/(r »/LO), 
i =mvV/LC (C-16) 


The m-derived section of Fig. C-4 is not realizable for m > 1 since the 
shunt inductance is negative. It is, however, realizable in the form of Fig. C-5, 
in which there is a mutual inductance between the series inductors. The 
circuit of Fig. C-6 is identical to the circuit of Fig. C-5, as may readily be 
established from the mesh equations for these two circuits. Comparing Figs. 
C-6 and C-4, we have 


m? —1 L 
from which 
2 
Iy= 1) WY star (C-17) 
4m 
Also 
Cy = mC = 1.27C (C-18) 


and the coefficient of coupling between the inductors Ly is 
K => = —— = 0,287 (C-19) 


The step-voltage response of a single section terminated at both ends 
in a pure resistance R, = »/L/C is given in Fig. C-7. The value of t, is 
found to be 1.20 +/LC, which is to be compared with t, = 1.27 »/LC obtained 
from Eq. (C-16) for m = 1.27. There are two advantages of the m-derived 


L,+M L,+M 


Fig. C-6 A network equivalent to the network 
of Fig. C-5. 
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filter (with m = 1.27) over the constant-k. The first is that the peak over- 
shoot of the former is 4 percent as against 8 percent for the latter. The second 
‘is that t/t, = 1.06 for the constant-k, whereas for m = 1.27 this ratio is 
found from Fig. C-7 to be 0.96, or 10 percent smaller. The number of sections 
needed is now found from Eq. (C-12) to be 


tg 16 
n = 0.94 (2) (C-20) 
Comparing this equation with Eq. (C-13), we see that for the same ratio 
of delay to rise time, a line with m-derived filters requires about 16 percent 
fewer sections than one constructed from prototype sections. Note, how- 
ever, that an m-derived section has an undershoot or preshoot of magnitude 
12 percent. 

From the relationships t = 1.20->/ZC, ta = nt, and R, = /L/C, we 
find 


ta 


7 _ aR, 
“Toone, od 


¢ ~ 1.20n 


(C-21) 


For specified values of ta, t,, and Ro, Eqs. (C-20) and (C-21) give n, C, and L. 
Then Eqs. (C-17) to (C-19) give Li, C1, and K. The inductances are often 
wound on a polystyrene cylinder and the core diameter and length of winding 
are chosen so as to give the required value (0.237) of the coefficient of coupling.‘ 
If a delay line is to be used to reproduce a signal with a minimum of distortion, 
it may be necessary to use variable shunt capacitors and to adjust these indi- 
vidually so as to obtain the best possible step-voltage response. 

If the inductor is wound on a ferrite core, the coefficient of coupling is 
very. close to unity. If the capacitor C is connected not to the center of 
the inductor but rather close to the right-hand end of the coil, then a line 
comparable to the m-derived line results. Still another type of structure which 


Fig. C-7 The step-voltage 


response of a single-section 


m-derived filter terminated at 
each end in R, = +/L/C. 
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Zon 


Vv 


Fig. C-8 (a) The m-derived T section rearranged into a II section, where 

L' = [(1 — m*)/2m]L and C’ = mC/2. For m = 0.6, Zon = R. = V/L/C. 

(b) The circuit in (a) split into two half sections. For all values of m, Zi: = Zon 
and Zi. = Zor. 


is used in the construction of delay lines is the so-called ‘‘bridged-tee” section. 
In this section, in addition to the coupling between coils, one includes an 
impedance element which is bridged directly across the network from input 
to output. Design formulas for these two types of lines are given in the 
literature.®§ 

To minimize the signal distortion introduced by a lumped-circuit delay 
line, the line should be matched as nearly as possible at both the sending and 
receiving ends. Such matching will reduce reflections at the terminations. 
We have been considering up to the present that the line is terminated at both 
ends in its nominal characteristic impedance R, = ~/L/C. We observe, how- 
ever, from Eq. (C-9) that Z, = ~/Z/C only at zero frequency and that as the 
cutoff frequency is approached Z, goes to zero. It is possible to introduce 
between the line and each resistive termination a section which improves 
the match between line and termination. These matching sections, called 
m-derived half sections, will now be discussed. 

The m-derived T section of Fig. C-4 has been rearranged in Fig. C-8a 
into a II section in which the total series and shunt impedances are the same 
as in the T section. The characteristic impedance Zn of this II section is a 
function of m. At zero frequency and for any m, Zon = R, = ~/L/C and 
Zon increases to infinity as the frequency approaches the cutoff value (f = j.). 
However, for m = 0.6 it is found’ that the image impedance remains constant 
at Zon = R. to within 4 percent over 90 percent of the passband. 

In Fig. C-8b the network in Fig. C-8a has been split into two half sections. 
These half sections have particularly useful matching properties. It may be 
shown’ that independently of the value of m the input impedance Z;. seen 
looking into terminals 2’-2’ when terminals 1’-1’ are terminated in Zon (as 
in Fig. C-8b) is the characteristic impedance Z,r of the T section, Zi2 = Zor. 
As noted above, Z.n may be approximated by the resistance R, over most 
of the bandpass if m = 0.6. Hence, by placing R, across terminals 1/-1’ 
and with m chosen to be 0.6, the half section gives an excellent match to a line 
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Delay line 


(cascade of 
T sections) 


Fig. C-9 m-derived half sections with m = 0.6 are used to 
improve the match at the sending and receiving ends of a 
delay line. 


consisting of T sections. The line may be constructed with either constant-k 
or m-derived T sections having any value of m (although for the reasons given 
above m = 1.27 would usually be used). 

It is also found that if terminals 2-2 are terminated in Z,r (as in Fig. 
C-8b) the input impedance Z,, seen looking into terminals 1-1 is Zon, inde- 
pendently of m. Hence, Zi: = Zon ~ R, if m = 0.6. These principles are 
illustrated in Fig. C-9, where half sections are used to improve the match 
at the sending and the receiving ends of a line consisting of T sections with 
pure-resistance terminations R. = ~/L/C. 
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Fig. D-1 6AU6 pentode characteristics with a screen voltage of 150 V and a 
suppressor voltage of 0 V. 


{ Courtesy of General Electric Company. 
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Plate voltage, V 
Fig. D-2  6CG7 (6SN7) negative-grid characteristics (each section). 


Plate (Zp) or grid (J,) current, mA 


Plate voltage, V 


Fig. D-3 6CG7 (6SN7) positive-grid characteristics (each section). 
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Fig. D-4 12AT7 (6664 and 7898) negative-grid characteristics (each sec- 
tion). 


Plate voltage, V 


Fig. D-5 12AU7 (5814, 5963, and 6135) negative-grid characteristics (each section). 
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Fig. D-6 12AU7 (5814 and 5963) positive-grid characteristics (each section). 
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Fig. D-7 12AU7 (5814, 5963, and 6135) parameters (each section). 
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12AX7 (6681 and 7058) negative-grid characteristics (each section). 
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Fig. D-9 5965 negative-grid characteristics (each section). 
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Plate voltage, V 


Fig. D-10 5965 positive-grid characteristics (each section). 


PROBLEMS 


CHAPTER 1 


1-1 The generator »; is an independent generator, whereas vp is dependent. 
Find the Thévenin’s equivalent circuit with respect to terminals 4B for the cases 

Q. Up = kvac, where k is a constant. 

b. vp = kvas, where k is a constant. 


Prob. 1-1 


1-2. If V, and V, are sinusoids, find the voltage between terminals AB 
a. By the method of mesh currents. 


b. As the ratio of the short-circuit current to the admittance between A and B. 


Prob. 1-2 


815 
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3-3 The generator »; is independent. Calculate the open-circuit voltage vin. 
Calculate the short-circuit current between K and N. What is the Thévenin’s equiv- 
alent circuit with respect to terminals KN? 


Prob. 1-3 


1-4. Verify Eqs. (1-2), (1-3), and (1-4). 

1-5 Derive the results of Eq. (1-5). 

1-6 Express the hybrid parameters for the common-base configuration in terms 
of the common-emitter hybrid parameters. 

1-7. Verify Eqs. (1-6), (1-7), and (1-8). 

1-8 a. A transistor with parameters as in Table 1-2 operates in the common- 
emitter configuration and drives a 2-K load. Calculate its current gain Ay, its input 
impedance Z;, and its voltage gain Ay. 

b. If the transistor is reconnected to operate as an emitter follower with the same 
2-K resistor in the emitter circuit, calculate A;, Z;, and Av. 

c. If the source resistance is 1 K, calculate Av, for parts a and 6. 

1-9 A silicon transistor, operating at room temperature and at an emitter current 
of 2.0 mA, has hybrid-Il parameters 7 = 500, ry, = 2K, re. = 100 K, and ry. = 2M. 
Find the common-emitter hybrid parameters. 

1-10 Verify Eqs. (1-11), (1-12), (1-13), and (1-14). 

1-11 The signals V, and V2 are sinusoidal. Draw the small-signal equivalent 
circuit from which to calculate the signal current J 


Prob. 1-1] 
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1-12. Each tube shown has a plate resistance r, = 10 K and an amplification 
factor » = 20. Find the gain (a) v/v and (6) v0/v2. 


5K 10K 


(a) 
10K 


10K 


(d) 
Prob. 1-12 Prob. 1-13 


1-13 The signals V and / in (a) and (0) are sinusoidal. 

a, Find the value of the ratio |V/V| at zero frequency and find the frequency at 
which the ratio has fallen by 3 dB. 

b. By inspection, from the result in (a) find the 3-dB frequency for the ratio 
|Ix/I]|. 

c. By inspection, show that J,/I = 4(V1/V). 

1-14 Verify Eq. (1-25). 

1-15 The tube has parameters » = 20, rp = 7 K. The capacitance between 
any two electrodes is 3.0 pF. Use the Miller theorem to calculate the impedance 
seen between terminals G and N at a frequency of 10 kHz. 


Vp 
G Cc 
| 
Ry 
(1M) 
R, 
(20 K) 
o 
a = 
Prob. 1-15 Prob. 1-16 


1-16 The tube has parameters » = 20, rp = 7 K. Use the Miller theorem to 
compute the impedance seen looking into the terminals GN. Neglect the reactance 
of the capacitor. 
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1-17. a. Apply the Miller theorem to the hybrid-I] circuit of Fig. 1-4 with a load 
Rz connected between the output terminals CE. Assuming that in calculating the 
transistor internal stage gain K the elements r,, and C, may be neglected, verify that 
K = ~g,,R{, where Ry is Rr in parallel with rr... 

b. If the input signal J comes from an ideal current generator, find the low-fre- 
quency current gain and the 3-dB frequency. 

1-18 Design an operational amplifier whose output (for a sinusoidal signal) i- 
equal in magnitude to its input and leads the input by 45°. 

1-19 Assume a single-stage operational amplifier in which the base amplifier has 
again of -100. If Z = Rand Z’ = —jX, with R = X., calculate the gain as a com- 
plex number. 

- 1-20 Given an operational amplifier in which Z consists of R and L in series and 
Z'isacapacitorC. Ifthe input is a constant V, find the output », as a function of time. 
Assume an infinite open-loop gain. 

1-21. Sketch an operational-amplifier circuit having an input v and an output 
which is approximately —5v — 3 dv/dt. 

1-22 For the circuit shown, prove that the output voltage is given by 


R, L\ de d’y 
-—y = vt +—)—+10— 
v, : v (zc ) i Cc 2 


R, 


Prob, 1-22 


1-23 Write the differential equation which relates v, and v in the operational- 
amplifier circuit shown. 


; 1M 0.5 uF 


+ 

U9 
aa a 
Prob. 1-23 


1-24 Given an operational amplifier with Z consisting of a resistor R in parallel 
with a capacitor C and Z’ consisting of a resistor R’. The input is a sweep voltage 
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v = at. Prove that the output is a sweep voltage that starts with an initial step. 
Thus, show that 
R' 


lo = ~ak'C — = 
v, Qa oR 


Assume an infinite open-loop gain for the base amplifier. 
1-25 What is (a) » when the output is zero, (b) v. if vy = —100 V, and (c) the grid- 
to-cathode voltage when », = +50 V? 


~-200V 


Prob. 1-25 Prob. 1-26 


1-26 (a) If v =0, find ». (6) Ifo = 100, find ». (c) If the grid-to-cathode 
voltage is zero, find »,. (d) If », = 0, find v. 

1-27 The reactance of C and the impedance of the generator are both negligible. 
Ri + R, = 10 K. The input signal » is symmetrical with respect to ground. Find 
R, and R; if the tube is to handle, without distortion and without drawing grid current, 
the largest possible amplitude of signal. What is the maximum signal the tube will 
handle in this case? 


Prob. 1-27 
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1-28 a. Set ve = 0, and show that if Re >> (rp + Rp)/(u + 1) the two output 
signals v., and 2 are opposite in polarity and approximately equal in magnitude. 
Calculate the gain 2:/%,. This amplifier circuit, which makes available a pair of 
signals symmetrical with respect to ground, is called a paraphase amplifier. 

b. Show that when both v; and % are present and if Ry > (rp + Rp) /(u + 1), 
either signal v,1 or ¥o2 is approximately proportional to the difference v1 — v2. Calculate 
the ratio voi/(v1 — v2). When used in this manner the amplifier is called a difference 
amplifier. 


Prob. 1-28 


1-29 a. A transistor is driven from a source of impedance R,. Using the open- 
circuit-voltage-short-circuit-current theorem of Sec. 1-2 verify that the output admittance 
Y, is given in terms of the hybrid parameters by 


hye 
R, +h; 


Yo. =ho 


b. Using the parameters in Table 1-2, for each configuration calculate the limits 
on R, = 1/Y,. as the source impedance R, varies from zero to infinity. 

1-30 For the transistor whose parameters are given in Table 1-2 calculate, for 
each configuration, the limits on the input impedance Z. as the load resistance Rx varies 
from zero to infinity. 

1-31 A transistor with parameters as in Table 1-2 is used as an emitter follower. 
It is driven from a source of 150 © and has an emitter resistor of 1,000 2. Calculate 
the input impedance, the output impedance, and the voltage gain. 

1-32 a. For the circuit of the transistor stage of Fig. 1-19, which includes an 
emitter resistor, prove that the exact expression for the input impedance is 


Zi = Ret Cl — ADR. + hie + dre AZ 
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b. Using the exact expression of Eq, (1-56) for A; and using the value of Z; in (a), 
calculate the output impedance Z, as the ratio of open-circuit voltage to short-circuit 
current. Prove that 
Z = R.(1 + hye) + (R, + hie) (1 + Noe Re) 

: Noel Re + Nie + R. a Iyehte/hoe) 
c. Show that if R, > Rs + hie, 


R + hie = hrehge/hoe 
R. 


Y, ~ hai + 


where fos = Ioe/(1 + hye). 
1-33 Verify Eq. (1-56). 


CHAPTER 2 


2-1 Prove by direct integration that the area under the curve of Fig. 2-3d is 
zero. 

2-2 A current pulse of amplitude J is applied to a parallel RC combination. 
Plot to scale the waveforms of the current ic for the cases (a) tp < RC, (b) tp = RC, 
(c) tp > RC. 


tp 
Prob. 2-2 


2-3 Verify Eqs. (2-11) for a symmetrical square wave applied to a high-pass RC 
circuit. 

2-4 A symmetrical square wave of peak-to-peak amplitude V and frequency f 
is applied to a high-pass RC circuit. Show that the percentage tilt is given by 


1 — entre 


P= —_—___ 
1 + eesre 


X 200% 


If the tilt is small, show that this reduces to Eq. (2-18). 

2-5 A 10-Hz symmetrical square wave whose peak-to-peak amplitude is 2 V 
is impressed upon a high-pass circuit whose lower 3-dB frequency is 5 Hz. Calculate 
and sketch the output waveform. In particular, what is the peak-to-peak output 
amplitude? 

2-6 A 10-Hz square wave is fed to an amplifier. Calculate and plot the output 
waveform under the following conditions: the lower 3-dB frequency is (a) 0.3 Hz, 
(b) 3.0 Hz, (c) 30 Hz. 

2-7 a. A square wave whose peak-to-peak value is 1 V extends +0.5 V with 
respect to ground. The duration of the positive section is 0.1 sec and of the negative 
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section is 0.2 sec. If this waveform is impressed upon an RC differentiating circuit 
whose time constant is 0.2 sec, what are the steady-state maximum and minimum values 
of the output waveform? 

b. Prove that the area under the positive section equals that under the negative 
section of the output waveform. What is the physical significance of this result? 

2-8 A square wave whose peak-to-peak value is 1 V extends +0.5 V with respect 
to ground. The half period is 0.1 sec. This voltage is impressed upon an RC differ- 
entiating circuit whose time constant is 0.2 sec. What are the steady-state maximum 
and minimum values of the output voltage? 

2-9 a. Derive Eqs. (2-19) and (2-20). 

b. Prove that the peak of the output pulse occurs at 


n 


x = 2.30 log n 
n—1 

2-10 The pulse from a high-voltage generator (a magnetron) rises linearly for 
0.05 usec and then remains constant for 1 usec. The rate of rise of the pulse is meas- 
ured with an RC differentiating circuit whose time constant is 250 psec. If the positive 
output voltage from the differentiator has a maximum value of 50 V, what is the peak 
voltage of the generator? 

2-11 The limited ramp is applied to an RC differentiator. Draw, to scale, the 
output waveform for the cases (a) T = RC, (b) T = 0.2RC, (c) T = 5RC. 


Prob. 2-11 


2-12 The input to a high-pass RC circuit is periodic and trapezoidal as indicated. 
Assume that the time constant RC is large compared with either JT, or T,. Find and 
sketch the steady-state output if RC = 10T, = 1072. 


Prob. 2-12 
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2-13 Prove that for the same input, the output from the two differentiating 
circuits will be the same if RC = L/R’. Assume that the initial conditions are those 
of rest (no voltage on C and no current in LZ). 


(b) 
Prob. 2-13 


2-14 Asignal vy = Ver“? jg applied to a double differentiator. Find the output if 
t= RC, = R.C.. Plot the response and locate any minima. 

2-15 a. Verify Eq. (2-30) for the output of a double differentiator to which is 
applied an exponential input »; = V(i ~ er), 

b. Find the initial derivative of the input and of the output. 

c. Verify that the area under the output-waveform curve », is zero. 

d, What input waveform applied to a triple differentiator will give the output of 
Eq. (2-30)? 

2-16 An ideal 1-psee pulse is fed to an amplifier. Calculate and plot the output 
waveform under the following conditions: the upper 3-dB frequency is (a) 10 MHz, 
(b) 1.0 MHz, (c) 0.1 MHz. 

2-17 A pulse is applied to a low-pass RC circuit. Prove by direct integration 
that the area under the pulse is the same as the area under the output waveform across 
the capacitor. Explain this result physically. 

‘2-18 Repeat Prob. 2-2 for the waveform of the current tz through the resistor. 

2-19 A symmetrical square wave whose peak-to-peak amplitude is 2 V and whose 
average value is zero is applied to an RC integrating circuit. The time constant 
equals the half period of the square wave. Find the peak-to-peak. value of the output 
amplitude. 

2-20 The periodic waveform shown is applied to an RC integrating network 
whose time constant is 10 usec. Sketch the output. Calculate the maximum and 
minimum values of output voltage with respect to ground. 


100 V 
10 psec 1 sec 
OV 
Prob. 2-20 


2-21. A symmetrical square wave whose average value is zero has a peak-to-peak 
amplitude of 20 V and a period of 2 usec. This waveform is applied to a low-pass 
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circuit whose upper 3-dB frequency is 1/2r MHz. Calculate and sketch the steady- 
state output waveform. In particular, what is the peak-to-peak output amplitude? 

2-22 A square wave whose peak-to-peak amplitude is 2 V extends +1 V with 
respect to ground. The duration of the positive section is 0.1 sec and that of the 
negative section 0.2 sec. If this waveform is impressed upon an RC integrating circuit 
whose time constant is 0.2 sec, what are the steady-state maximum and minimum 
values of the output waveform? 

2-23 Verify Eq. (2-36) for a symmetrical square wave applied to a low-pass 
RC circuit. 

2-24 The square wave shown is fed to an RC coupling network. What are the 
voltage waveforms across R and across C if (a) RC is very large, say RC = 107’, and 
(b) RC is very small, say RC = T/10? 


300 V 
200 'V 


OV 
Prob. 2-24 


2-25 a. Three low-pass RC circuits are in cascade and isolated from one another 
by ideal buffer amplifiers. Find the expression for the output voltage as a function of 
time if the input is a step voltage. 

b. Find the rise time of the output in terms of the product RC. 

c. What is the ratio of the rise time of the three sections in cascade to the rise time 
of a single section? 

2-26 The limited ramp of Prob. 2-11 is applied to a low-pass RC integrating cir- 
cuit. Draw to scale the output waveforms for the cases (a) T = RC, (b) T = 0.2RC, 
(c) T = 5RC. 

2-27. a. The periodic ramp voltage shown is applied to a low-pass RC circuit. 
Find the equations from which to determine the steady-state output waveform. 

b. If T, = T. = RC, find the maximum and minimum values of the output 
voltage and plot this waveform. Nore: The minimum value does not occur at the 
beginning of interval T1. 


+ 


Vv 


LT, -}-— 7—+| : 
Prob. 2-27 
2-28 a. Prove that an RC circuit behaves as a reasonably good integrator if 


RC > 15T, where T is the period of an input sinusoid £,, sin wt. 
b. Show that the output is approximately —(Emn/ wRC) cos wt. 
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2-29 An oscilloscope test probe is indicated. Assume that the cable capacitance 
is 100 pF. The input impedance of the scope is 2 M in parallel with 10 pF. What is 
(a) the attenuation of the probe, (b) C for best response, and (c) the input impedance 
of the compensated probe? ; 


To 
Input |, —o scope 
signal input 


Prob. 2-29 


2-30 Assume a waveform consisting of a sine wave and a d-c voltage equal to the 
peak V,, of the sine wave so that the resultant waveform extends from zero to 2V n. 

a. This waveform is applied to a 3:1 compensated attenuator. Plot the output 
waveform and indicate the zero-voltage level. 

b. If the attenuator is improperly compensated (R, = 2R2, but 2C, + C2), plot 
the output waveform and indicate the zero level. Consider the two cases 2C; > Cs 
and 2C; < Ce. 

2-31 Compute and draw to scale the output waveform for C = 50 pF, C = 75 pF, 
and C = 25 pF. The input is a 20-V step. 


Prob. 2-31 
2-32 The input »; is a 20-V step. Calculate and plot to scale the output voltage. 


50 pF 


Prob, 2-32 
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2-33 Show that the minimum bandpass of a potentiometer is obtained when the 
slider is at the center. Plot the bandpass as a function of the distance of the slider 
from one end. If the slider is on the first or last 10 percent of the potentiometer, how 
many times the minimum value will the bandpass be? 

2-34 Draw roughly the output waveform v,. Make reasonable approximations 
and estimate the rise time of the waveform, the magnitude of the overshoot, and the 
time constant of the decay to the final value. 


Prob. 2-34 


2-35 The capacitance C in the compensated probe of Prob. 2-29 is to be adjusted 
experimentally for perfect compensation. A square wave is applied at the input and 
the waveform observed on the scope. Specify a reasonable frequency for the square 
wave in order to allow convenient observation from the scope pattern of the correct 
value of C. 

2-36 A step of current J is applied to the parallel branches. Show that if 
L,/R, = I2/R, the current i, will be an ideal step of amplitude RiI/(Ri + R2). 
(This circuit allows a frequency-independent current attenuation in the presence of 
inductance and is the dual of the compensated voltage attenuator.) 


Prob. 2-36 


9-37 In the circuit of Prob. 2-36, Ri = R, = 10 K, Lz = 10mH. The input isa 
100-mA step. Compute and draw to scale the current waveform i, for L; = 0, 5 mH, 
10 mH, and 20 mH. 

2-38 The current attenuator of Prob. 2-36 is compensated with L, = L, = 10mH 
and R, = R, = 10K. The input is a 100-mA step from a source of 100-K impedance. 
Compute and plot to scale the current waveform to. 

2-39 a. An inductor L is located in the collector circuit of a transistor operating 
in the common-emitter configuration. The base input current is a square wave of 
peak-to-peak value J. Show that the output waveform is as shown in Fig. 2-6 with a 
peak value V = hy-I/ho. and a time constant tT = Roel. 

b. For hy. = 50, 1/ho. = 40 K, L = 10 mH, and I = 10 wA, find V and r. 
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2-40 Derive (a) Eq. (2-53), (b) Eq. (2-55), and (c) Eq. (2-57). 

2-41 A transistor, for which 1/hoee = 40 K and hy, = 50, is operating in the 
common-emitter configuration. An inductance of 160 mH is located in the collector 
circuit and the total capacitance from collector to ground is 50 pF. Find and plot the 
response at the output if the input is a current step of 0.02 mA. 

2-42 a. A transformer has its primary winding carrying a current J, in the collector 
circuit of a transistor. The primary inductance is Z; and the voltage step-up ratio is n. 
The load on the secondary winding may be considered to be purely capacitive. This 
capacitance C’ is much larger than the interwinding or interturn capacitances of the 
transformer. If the transistor is driven beyond cutoff, prove that the amplitude of the 
output oscillation at the secondary is I,./L/C. Note that the amplitude is inde- 
pendent of the step-up ratio n. Explain this result physically. 

b. Prove that the period of the output oscillation is 2nr ./IC. 

2-43 a. For a ringing circuit show that the percentage P decrease in amplitude 
in n cycles is given by 


In eee a = _™ 
100 Q 


b. For small P show that 


100nr 
Q 


2-44 Use Eq. (2-57) to derive the result given in Eq. (2-60) for the amplitude 
of oscillation in a ringing circuit. Hint: Let R approach infinity and verify that kV is 
independent of R. 

2-45 a. The circuit shown may be used to measure a time interval between two 
events. The switch S is initially open and the two events are represented by the 
closing and subsequent opening of the switch. Initially the inductor current is zero 
and the capacitor is uncharged. Show that the interval ¢, during which the switch is 
closed is related to the voltage V, which appears on C' at the end of the interval by 


i= vies 


Pe 


b. Show that if t, is of the order of one-sixth the free period of oscillation of the LC 
ringing circuit, then V, ~ V. : : 

¢. Compute the total possible range for ¢; if capacitances are available from 
100 pF to 1 »F and inductors from 52H to0.1 H. Assume V, = V. 

d. Is it possible that V, exceeds V? 


Prob. 2-45 
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2-46 A 10-mH choke shunted by a 0.001-~F capacitance is connected from the 
cathode of a 12AU7 tube to ground. The plate-circuit resistance is 10 K and the supply 
voltage is 200 V. A steady state is reached with the grid grounded. A negative step 
is now applied to the grid. What is the minimum size of this step needed in order 
that the tube remain cut off while the resonant circuit oscillates? 

2-47 Derive Eqs. (A-3), (A-4), and (A-5) in Appendix A. 

2-48 For the critically damped ringing circuit discussed in Appendix A, prove 
that the maximum occurs at 


f _11+a 
"wit 2d 


and that the maximum value is 


Be = —(2A + Lert arated) 
Vo max 

2-49 a. Prove that the peak values of the output waveforms plotted in Fig. 2-9 
are given by 


Vo a 
= = qua) ifn #1 
(3). 


(3) = 0.37 ifn =1 


b. Plot (v./V)mx against n forO<n< 0.5 and show that an approximately 
linear relationship results. 

c. A step generator of 50 impedance applies a 10-V step of 1 nsec rise time to an 
inductor. The pulse across the inductor, attains an amplitude of 2.5 V. What is the 
value of the inductance? 

2-50 A step generator of 50 2 impedance applies a 10-V step of 2.2 nsec rise time 
to a series combination of a capacitance C and a resistance R = 50. There appears 
across R a pulse of amplitude 1 V. Find the value of the capacitance C. 

2.51 An inductor L has associated with it stray shunt capacitance C and parallel 
resistance R. It is connected in the circuit shown in (a). From the observed output 
waveshape », in (b) calculate the values of C, R, and L. The generator v is a 10--V step 
of 2.2 nsec rise time. Huy: After the initial spike the voltage across L is approximately 
constant over the 100-nsec interval shown. 


We ~71- Inductor Ug 
under test 


t 
! 
t 
! 
l 
1 
i 
' 


(a) (b) — 100 nsec pane : 


Prob. 2-51 
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CHAPTER 3 


3-1 In connection with the transformer equivalent circuit of Fig. 3-2, show that 
the following results hold for the various selections ofa. (a) Ifa = V/, Ly/Ly 01 = 02} 
(6) ifa = (1/K) VL, 01 = 0; (c)ifa =K WL,/Ly, 62 = 0. 

3-2. In connection with the transformer equivalent circuits of Fig. 3-3 show 
that, for K ~ 1, in each case the total leakage inductance is nearly the same and is 
given by o = 2L,(1 — K). 

3-3. To minimize capacitance between windings, the windings are placed on 
opposite legs of the core, as shown. Show that the leakage inductance continues to be 
given approximately by Eq. (3-10), in which V now stands for the volume of the window 
and ) is the height of the window. Make the assumptions that the magnetic flux does 
not fringe appreciably outside the window and that Hr is very large. 


Prob. 3-3 


3-4 Verify Eq. (3-11). 

3-5 A two-layer transformer is connected as an autotransformer. Show that ~ 
this type of connection reduces the leakage inductance by the ratio (n — 1)?/n2, where 
n is the step-up ratio of the autotransformer. 

3-6 In Fig. 3-7, S = mean circumference of the coils, d = distance between the 
inside surface of the secondary coil and outside surface of the primary coil, a, = thick- 
ness of a primary wire, and a, = thickness of a secondary wire. Assume that the 
current is concentrated midway through the thickness of the coil. 

a. Prove that the leakage inductance is given by 


b. Assume now that the current is distributed uniformly throughout the windings. 
Prove that the expression for ¢ is the same as in (a) except that the numeral 2 must be 
replaced by 3. 

Norz: If the flux density H is not constant, then Eq. (8-10) becomes 


ol,? = pofH? dV 


3-7 Consider a transformer with a one-layer primary and a two-layer secondary 
winding. Each layer of the secondary has the same number of turns. In (a) both 
secondaries are wound over the primary. In (8) the primary is interleaved between 
secondary windings. Replace the coils by current sheets located at the center of the 
coil wires. The mean circumference of the windings is S. 

a, Indicate the magnetic-field intensity as a function of the distance between wind- 
ings (as in Fig. 3-7b). 
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b. Prove that for the configuration in (a) the leakage inductance is given by 
o= aes (4d, + d, + 2a, + 3a,) 
and in (b) by 
o = Heat ds + da + ay +) 


This problem illustrates the advantage of interleaving with respect to reducing the 
leakage inductance, 


Prob, 3-7 


3-8 A transformer has the following parameters: primary and secondary each 
one layer of 132 turns, wire No. 38 having a diameter =.0.0102 cm, diameter including 
insulation = 0.0125 cm, insulation between windings = 0.031 cm, mean circumference 
S = 5.4m, and dielectric constant of insulation between windings € = 3.5. 

a, Consider the two windings as constituting a parallel-plate capacitor. Prove 
that the interwinding capacitance is 89 pF. 

b. Consider two adjacent turns as parallel conductors, as shown in the sketch. 
From electrostatics, the capacitance per meter of such a configuration is given by 
ae/[cosh™! (2h/d)]. Prove that the effective capacitance across the winding is only 
0.06 pF, even if it is assumed that all the space surrounding the wires has a dielectric 
constant of 3.5. 7 


2h 


=a 


Prob. 3-8 
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3-9 Consider a transformer with a single-layer primary and a single-layer sec- 
ondary. A grounded electrostatic shield is inserted between the primary and the 
secondary midway between windings. Calculate the ratio of the effective primary 
shunt capacitance C’ with the shield to the capacitance C without the shield as a 
function of the step-up ratio n for (a) a noninverting transformer and (b) an inverting 
transformer. 

3-10 a, A transformer, as shown, has neighboring ends of its windings connected 
together. The windings are wound in opposite directions so that an inverted output is 
obtained as indicated. Show that such a connection introduces into the transformer 
equivalent circuit a capacitance 


b. For n = 1, 2, 3 compute the ratio of the capacitance that results from the 
connection of part a to the capacitance that results from the connection of Fig. 3-4. 

c. What would be the capacitance C if the transformer windings were wound in the 
same direction? What is C forn = 1? Explain physically. 


vu lo = — ne, 


Prob. 3-10 


3-11 a. A transformer circuit has a negligible primary resistance R, and operates 
initially under critically damped conditions. The windings are rearranged so that the 
leakage inductance o changes while all other parameters remain unchanged. The new 
value of the damping constant is k = 0.6. What is the ratio of the new rise time to the 
critically damped rise time? 

b. Repeat part @ for an open-circuited secondary but with R, no longer set equal 
to zero. 

c. Repeat parts a and 6 but with o kept constant and C adjusted so that the damp- 
ing factor changes from 1 to 0.6. 

3-12 a. A pulse-transformer circuit has R, = R2 = R and R selected so that 
o = FC. Using the plots of Fig. 3-10 show that, for a step input, the rise time of the 
output is approximately 2RC. 

b. If, instead of adjusting o as above, we assume o = 0, then prove that the rise 
time is improved by a factor of approximately 2. 

3-13 Consider the high-frequency response of a pulse transformer. Show (a) that 
if = 0 the step response is an exponential rise with a time constant RiR.C/(R, + R.); 
(b) that if C = 0 the response is an exponential rise with time constant o/(R, + R2). 

3-14 Verify (a) Eq. (3-19), (6) Eq. (3-20), and (c) Eq. (3-22). 

3-15 Verify Eqs. (3-2). 
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3-16 A transformer with N, = N, = 7 turns is wound on the magnetic toroid 
shown. The transformer operates with R, = R, = 50. The core loss is negligible, 
the coefficient of coupling is K = 0.999, andC = 2pF. A tilt of 10 percent is observed 
in a 50-nsec pulse. (a) Calculate the effective permeability of the core, (b) Calcu- 
late the rise-time response, 


3-17 A pulse transformer is fed from a 50-Q generator which delivers a. 10-V 
l-ysec pulse. The transformer operates into a 50-Q load. The output has a peak 
amplitude of 4.8 V and a 10 percent tilt. 

a. Calculate the effective resistance R, (to be shunted across the magnetizing 
inductance) to account for the core loss. 

b. Calculate the magnetizing inductance.. 

3-18 A toroidal core has a mean magnetic length of 4 cm, a cross-sectional area 
of 0.5 cm?, and yw, = 1,000. It has primary and secondary windings each of 200 turns. 
The core saturates at B = 0.25 Wb/m% A voltage pulse of amplitude 20 V and 
300 usec duration is applied to the primary. The total primary series resistance, 
winding and generator together, is 100 2. Transformer capacitances are assumed 
negligible. The secondary is open-circuited. 

a. Calculate the time at which the core saturates. 

b. Draw the primary current waveform and the waveform of the output voltage 
across the secondary, labeling all current and voltage levels and time constants. 

3-19 A transformer is used for peaking. The primary winding (of inductance 7D) 
is in the collector circuit of a transistor and carries a current J,. The load on the 
secondary winding may be considered to be purely capacitive. This load capacitance 
Cz is much larger than the transformer capacitance C. The transistor is now suddenly 
cut off. 
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a, Prove that the amplitude of the output oscillation at the secondary is I, »/L/C:, 
which is independent of the step-up ratio n. Explain this result physically. Neglect 
the leakage inductance. 

b. Prove that the oscillation period is 2nx +/LCz. 

c. Compare the outputs obtained from two transformers; one has n = 1, L = 
20 mH, and C, = 50 pF, and the second has n = 10, LZ = 0.5 mH, and Cz = 50 pF. 
The current step is 5 mA. 

3-20 <A transformer has the following parameters: L = 5.0 mH, o = 20 nH, 
C = 100 pF, 2, = R, = 500 Q, and n=1. Find the response to a 1-usec 20-V 
pulse, and plot. 

3-21 A transformer has the following parameters: L = 7.5 mH, o = 60 wH, 
C = 75 pF, R, = 2502, R, = 1K, andn = 3. Find the response to a 10-V 3-ysec 
pulse, and plot. 

3-22 A transformer has the following parameters: 


L = 70mH o¢=200pH CC, =500pF 
C = 20 pF Ri =1K N, = 150 N, = 60 


The generator resistance = 300 Q, and the transformer winding resistances are negli- 
gible, Find and plot the response to a 10-ysec 1-V pulse. 

3-23 A pulse transformer with a step-up ratio of 2:1 is to pass a 1-ysec pulse with 

less than 10 percent tilt and less than 10 percent overshoot, The generator impedance 
is 1 K and the load impedance is 1 M in parallel with 25 pF. For what values of pri- 
mary and leakage inductances must the transformer be designed? 
: 3-24 The windings on the pot-core transformer of Fig. 3-14 are placed side by 
side in slots in a bobbin so that each winding takes the approximate shape of a flat 
disk. The distance between windings is 2mm. The insulation of the wire has a 
dielectric constant of 3.5. Each winding has 100 turns and the transformer is of the 
inverting type. Calculate (a) the leakage inductance, (6) the primary inductance, 
(c) the coefficient of coupling, and (d) the effective capacitance C. 

3-25 A type RG-59/U coaxial cable has a capacitance of 20 pF/ft and a character- 
istic impedance of 73 Q. Find the length required for a 0.5-usec delay. 

3-26 A coaxial cable with a nylon dielectric (e, = 3.00) has a characteristic 
impedance of 200 2. 

a. How long a cable is needed to give a one-way delay of 50 nsec? 

b. What is the ratio of the outer to the inner radius? 

3-27. The exact expression for the capacitance C per unit length of a parallel wire 
system is 


we 
CC = ——____— 
cosh (2h/d) - 


a. If h/d > 1, prove that C is given approximately by the expression in Fig. 3-17. 

b. If h/d = 1, show that the error resulting from the use of the approximate 
expression is less than 5 percent. 

3-28 a. A wire is initially located at 2.5 diameters above a metal chassis. Caleu- 
late the capacitance per unit length, the inductance per unit length, and the character- 
istic impedance. 

b. Recalculate the capacitance, inductance, and impedance if the wire is moved to 
25 diameters above the chassis. 
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3-29 Is it feasible to construct a coaxial line with a characteristic impedance of 
10,000 2? Use, say, an inner conductor of 0.1 em diameter and let e- = 3. Calculate 
the required diameter of the outer conductor. 

3-30 a. A 50-2 source is connected to a 50-2 load through an air dielectric trans- 
mission line 3 cm long of 100 Qimpedance. Neglect the fact that there is some ‘“‘cancel- 
lation” between the line inductance and capacitance. Represent the line, as in the 
figure, with L equal to the total line inductance and C the total line capacitance. Cal- 
culate the rise time at the output. 

b. Calculate the rise time, taking into account the partial cancellation of the line 
inductance by the capacitance. Compare the result with that of part a. What is 
the percentage discrepancy between the two methods? 

c. Now assume that the line impedance has been reduced to 502. Use the method 
of part a to calculate the rise time. What is the rise time obtained using the method 
which takes account of transmission-line properties? 


Prob. 3-30 


3-31 a, A generator of impedance 125 © supplies a step signal to a 125-2 load 
over a 4-in. length of bare wire mounted over a metallic chassis. The wire diameter is 
0.1 cm and it is mounted with its center 0.25 cm above the chassis. Estimate the rise 
time of the waveform across the load. 

b. Repeat part a for the case in which source and load impedances are 150 Q. 

3-32 a. A signal source of impedance R, supplies power to a load Fz over a line 
of impedance Z,. Show that if Rz K Z,, the waveforms on the line may be estimated 
by replacing the line by an inductance IL, where / is the line length and L is the induct- 
ance per unit length. Thus show that the line capacitance may be neglected entirely. 

b. A signal source of 50 2 impedance supplies power to a 1-0 load through a 
pair of wires 2 in. long. The wire diameter is 0.05 in. and the spacing between centers 
is 0.25in. If the signal source furnishes a voltage step, what will be the rise time of the 
waveform at the load and at the generator? 

3-33 a. Consider again the situation described in Prob. 3-32 except that Rz >> Ro. 
In this case show that the line inductance may be neglected and that the line may be 
replaced by a capacitance IC, where C is the capacitance per unit length. 

b. Repeat Prob. 3-32 for the case where the load is 10,000 &. 


Norte: Problems 3-34 through 3-40 pertain to material covered in Appendixes B and C. 

3-34 Calculate L, C, Z., and T for a type RG-65/U cable. The parameters of 
this cable are listed below Eq. (B-2). 

3-35 Verify Eqs. (C-1), (C-2), and (C-9). 
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3-36 A unit step voltage is impressed upon one section of a constant-k prototype 
filter which is terminated at both ends in a resistance Ro = «/L/C. If T = \/LC, 
prove that the output is given by 


vo = 0.5 — 0.5627 — 0.578e-/T sin (va 7) 


3-37. Design a delay line using constant-k prototype sections. The line is to 
have a nominal impedance of 500 Q, a delay of 1.0 usec, and a rise time of 0.2 usec. 
Calculate the number of sections needed, the value of C, the value of L, and the cutoff 
frequency f.. Assume that commercial] capacitors are available having values of 
capacitance which are multiples of 50 pF. What will be the impedance of the line? 

3-38 Repeat Prob. 3-37 for a delay line using m-derived sections with m = 1.27. 
Find L,, Ci, f., and the characteristic impedance. 

3-39 Prove (a) that for the m-derived filter f, and Z, are given by the same 
expressions as for the constant-k prototype section, and (b) verify Eq. (C-15). 

3-40 a. Prove that the Fourier spectrum of a pulse of unit amplitude and width 
t, extending from ¢ = 0 to t = t, is given by (1 — e-##'”)/jw. 

6. An ideal low-pass filter is one having zero attenuation in the passband and 
infinite attenuation outside this region. It also has a phase shift 8 which is propor- 
tional to frequency, 8 = wta, within the passband, |f| <f.. Prove that the output of 
the ideal low-pass filter to a unit-amplitude pulse is given by 


V% tg 428i {y) 
. " 


where t = 2nf.(t — tz), y = 2xf.(tp — ¢ + ta), and Si (zx) is the sine integral, 


z sin 2 dz 


Si) =f . 


Nore: The frequency spectrum of the output of a system equals the product 
of the spectrum of the input voltage and the transmission characteristic of the system. 
By evaluating the inverse Fourier transform of this product, the output of the system 
as a function of time is obtained. 

The response to a unit step input voltage is obtained by allowing ¢, to approach 
infinity. Since Si (0) = »/2, the response to a unit step is v, = 0.5 + Si (x). Using 
numerical values of Si (x), plot v, versus ¢. 

c. Prove that tz represents the delay: the time between the 50 percent amplitude 
points on the input and output voltages. 

d. Evaluate the rise time ¢, (for » to increase from 0.1 to 0.9),-and prove that 
t, = 0.445/f.. This result should be compared with the rise time of the output of a 
low-pass circuit (Fig. 2-14) whose input is a step voltage and whose upper 3-dB fre- 
quency is f., namely, ¢, = 0.35/f2. (See E. Jahnke and F. Emde, ‘Tables of Func- 
tions,” 2d ed., pp. 78-86, Teubner. Verlagsgesellschaft, Leipzig, 1933.) 


3-41 A step generator of impedance R, = R, applies a step of amplitude V 
to a line of impedance R, and of one-way delay time tz. The line is terminated in a 
resistor R. Plot the voltage and current waveforms as a function of the time at the 
input and at the output for each of the cases: (4) R = R., (b) R= ¥R., (c) R = 0, 
(d) R = 2R,, (e-) R= &. 
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3-42 Repeat Prob. 3-41 if the input is a pulse of amplitude V and duration 
tp < Qa. 

3-43 Repeat Prob. 3-41 if the input is a pulse of amplitude V and duration 
tp = 2.5ta. 

3-44 Repeat Prob. 3-41 if the input is v = at for {> 0 and v = 0 for ¢ < 0. 
Assume that 2t4 = 1 usec and that the ramp voltage increases at the rate 1 V/ysec. 
Label all voltage levels. 

3-45 A pulse of amplitude V is applied by a generator of impedance R, = R. 
to a line of impedance R,. The line is short-circuited at the receiving end. The line 
attenuates the signal to the extent that the signal arriving at one end is 0.8 as large 
as the signal which starts out at the other end. Plot the input voltage and current 
as a function of the time if (a) f, < 2t2 and (b) tp > 2ta. 

3-46 A pulse of unit amplitude and width t, travels down a line toward an open- 
circuited end. The leading edge of the pulse reaches the end of the line at time ¢ = 0. 
Plot the voltage distribution along the line at the following values of t: t = —2t,, 0, 
tp/4, tp/2, 3tp/4, tp, and 3t». 

3-47 The periodic ramp-type voltage is applied to a delay-line differentiator 
using a line of delay tz. Draw the output waveform for tg = 7/10 and ta == T/5. 
Compare these waveforms with the waveforms of a conventional differentiator whose 
time constant is r = 7/10 and 7/5. 


TAS 


Prob, 3-47 


3-48 A unit step voltage is applied from a zero-impedance generator to an ideal 
line which is short-circuited at the receiving end. Plot the current at the input end 
of the line as a function of time. 

3-49 A voltage pulse is applied from a zero-impedance source to a line open- 
circuited at the receiving end. Plot the voltage waveform at the end of the line if 
(a) tp < 2ta and (b) tp > 2tg. 

3-50 A unit step voltage is applied to an open-circuited line through a zero- 
impedance generator. Plot the output voltage as a function of time if (a) the line is 
lossless and (b) the attenuation of the line is such that the signal which reaches one end 
of the line is 80 percent of the signal introduced at the other end of the line. 

3-51 A unit step voltage is applied to a lossless line through a zero-impedance 
generator. The line is terminated in a resistor R.equal to3R.. Plot the voltage at the 
receiving end of the line as a function of time. ree the values of the voltage jumps 
at each discontinuity. 

3-52. A unit step voltage is applied to a lesions shorted line from a generator 
whose impedance is R,. Plot the input voltage as a function of time if (a) R, = R., 
(b) R, =9R., and (c) R, = R./9. (d) Plot the input current as a function of time 
under conditions a, b, and c. 
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3-53 A unit step voltage is applied to a lossless open-circuited line from a gen- 
erator whose impedance is R,. Plot the input voltage as a function of time if (a) 
R, = R., (6) R, = 9Ro, and (c) R, = R./9. (d) Plot the input current as a function 
of time under conditions a, b, and c. ; 

3-54 a. A unit step voltage is applied to a lossless open-circuited line from a 
generator whose impedance R, is twice the characteristic impedance of the line. Plot 
the voltage at the end of the line as a function of time. Indicate the magnitudes of any 
abrupt changes in voltage. 

b. Repeat (a) if the generator output is a narrow pulse instead of a step. Show 
that the results of (a) and (b) are compatible. 

c. Repeat (a) and (6) if R, = R,/2. 

3-55 A pulse whose width ¢, is less than the one-way delay time ft, is applied toa 
line. Plot the input and output voltage waveforms as a function of time, taking 
attenuation into account, if (a) R, > R. and R < R,, where # is the terminating resist- 
ance, (b) R, > Ro and R > R,, and (c) R, < R, and R < R.. Choose |p| = |p’| = 0.5 
and e~* = 0.8. 

3-56 A current source applies a step to a delay line of impedance R,. The line 
is terminated at its sending end in R, = 3R, and at the receiving end in R = R,/3. 
Plot the voltage waveforms at the input and output of the line. 

3-57. Repeat Prob. 3-56 for the case where the input is a pulse if (a) tp < 2t, and 


(b) tp > 2ta. 
3-58 For the situation described in Fig. 3-29, where a ramp is applied to a line 
with p = —4 and p’ = +4, draw the waveform at the output of the line for the time 


interval 0 < ¢ < 5tg. Indicate the waveform of each of the component waves which 
contribute to the resultant. 

3-59 Explain how to adjust experimentally the terminations at each end of a 
line so that the line is properly matched at both ends. Assume that a square-wave 
generator (or a pulse generator) and a CRO are available. 

3-60 A unit step is applied from a generator of source impedance R, to a line 
whose characteristic impedance is R, and which is open-circuited at the receiving end. 

a. Show that the voltage at the open end is 


= 1 — (p’)" for (Qn — 1)tg < t < (2n + lta 


where p’ is the reflection coefficient at the sending end. Plot v, as a function of the 
time. 

b. Show that if R./R, is small, p’ ~ ¢-?*-/®, Htnt: Show that the power series 
for p’ and ¢~?%-/®: agree in the first three terms and that p’ and e~?#/®: differ by less than 
2 percent if R,/R, < 0.3. 

c. If the step function in (a) is smoothed out by drawing a curve through the steps 
at t = 2ntg, show that this smoothed curve is given by 


vo = 1-— et Re 


where C is the total shunt capacitance of the line. Interpret this result physically. 
3-61 Repeat Prob. 3-60 for the case in which the line is shorted at the receiving 

end and is driven from a source R,>> Rs. Calculate the waveform of the load current 

i, and show that a smoothed curve passing through the steps of current at { = 2nta is 
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given by (assuming the generator applies a unit current step) 


to =jf- ET RtlL 


where L is the total inductance of the line. 

3-62 Verify the waveforms in Fig. 3-36. 

3-63 In Fig. 3-33 find »; and », as functions of time for 0 << 6ty if 
(a) R, = R: = R,, (b) Ri = Ro, Ro = R/2, (c) Ry = Ro/2, Ry = Ro, and (d) Ry = R./2, 
Rz = 2R.. 

3-64 A line of impedance R, and delay time ta is initially open-circuited at both 
ends. The line is charged to a voltage V. Att = 0a resistor R is bridged across 
one end of the line. Find the voltage at each end of the line as a function of the time 
for 0 <¢ < 6tzif (2) R = R,, (b) R = 2R,, and (c) R = R,/2. 

3-65 Repeat Prob. 3-64 for the case where two resistors R, and R, are simul- 
taneously placed across the two ends of the line. Consider the cases (a2) R, = Rz = Ro, ; 
(o) R, = R., R. = R./2, and (c) Ri = 2R., Re = R./2. 

3-66 A step generator of impedance R, applies a signal to a line of impedance R, 
which is terminated in an inductor L in series with a resistor R. Calculate and plot 
the input and output waveforms if &, = Ro. Consider the special cases R = 0,R = ~, 
and R = R,. ; 

3-67 A step generator of impedance R, applies a signal to a line of impedance R, 
which is terminated in a capacitor C in parallel with a resistor R. Calculate and plot 
the input and output voltage waveforms if R, = R.. Consider the special cases R = , 
R = 0, and R = R,. 

3-68 A 1:1 noninverting transmission-line transformer is constructed by winding 
11 turns of a bifilar winding on a magnetic core of relative permeability u, = 3,000. 
The core has a cross-sectional area of 0.5 cm? and a mean magnetic length of 2.0 cm. 
The characteristic impedance of the line is 75 Q and the line is matched at both ends. 
If a pulse is to be transmitted with no more than 10 percent tilt, what is the widest 
pulse for which the transformer is suitable? 

3-69 «a, Each winding has the same number of turns. Redraw the figure to 
make it clear that the arrangement constitutes a 2:1 step-up autotransformer. 

b. Redraw the figure, replacing the sets of neighboring windings by transmission 
lines. Show that the line inputs are in parallel and the line outputs are in series. If the 
source impedance is R, = 100 Q, then if the lines are to be matched what must be the 
value of the load R, and what must be the characteristic impedance of the lines* 

e. Explain why the arrangement must be mounted on a core and draw a diagram 
showing how the windings are to be placed on the core. 


Prob. 3-69 
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CHAPTER 4 


4-1 The input to an amplifier consists of a voltage made up of a fundamental 
signal and a second-harmonic signal of half the magnitude and in phase with the funda- 
mental. Plot the resultant. 

The output consists of the same magnitude of each component but with the second 
harmonic shifted 90° (on the fundamental scale). This corresponds to perfect fre- 
quency response but bad phase-shift response. Plot the output and compare it with 
the input waveshape. 

4-2 An ideal 1-usec pulse is fed into an amplifier. Plot the output if the band- 
pass is (a) 10 MHz, (6) 1.0 MHz, and (c) 0.1 MHz. 

4-3 a. Given a single-stage RC-coupled tube amplifier with C, = 0.2 uF, R, = 
0.5 M, and an output-circuit resistance Ry = 3 K. Calculate the percentage tilt in the 
output if the input is a 100-Hz square wave. 

b. Repeat part a for a transistor stage with C, = 10 nF, Ri = 2K, and R, = 3K. 

c. For each amplifier what is the lowest-frequency square wave which will suffer 
less than a 1 percent tilt? 

4-4 A pentode amplifier stage has an unbypassed cathode resistor R, and a plate- 
circuit resistor R, which is shunted by a capacitor C. If the input is a negative unit 
step, prove that the output voltage as a function of time is 


= gnk, 
1 + gm Ri 


4-5 For the circuit shown, calculate the nominal gain V,/V;, and calculate the 
frequency at which the output V, will fall to the 3-dB point. » ‘= 20 andr, = 10 K. 


Vo 


qd = e—RsC) 


Prob. 4-5 


4-6 a. At low frequencies the short-circuit CE current gain 8 is related to the 
short-circuit CB current gain a by 


- 8 


a = —— 


1+8 
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Assuming that this relationship remains valid at high frequencies and using 8 = — A; 
in Eq. (4-16), verify that a is given by Eq. (4-21), where 


us hy 1 Ss 
Tha ne OP pete 


b. Using the results of part a, verify that, for a ~ 1, fa = fahye. 
c. Verify that ; 


Qo 


Qo 


1 — a + if/fa 


d. To account for “excess phase” replace a, by aoe~i™/fa, Prove that fr, the 
frequency at which |A,| = 1, is given implicitly by 


Ay = 


1 + 2? = 2a,(cos mz — x sin mz) 


where « = fr/fa. 
e. If mx K 1, expand the trigonometric functions and prove that 


Oofa 


~ Tl + Qae(m + m?/2)h 


f. If a = 1 and m = 0.2 show that fr = f./1.2. 

4-7 a. Redraw the CE hybrid-II equivalent circuit with the base as the common 
terminal and the output terminals, collector and base, short-circuited. Taking 
account of typical values of the transistor parameters, show that C., 7», and r,.may be 
neglected. 

b. Using the circuit in (a) prove that the CB short-circuit current gain is 


Sr 


A ‘a 9m Qo 
= ; = 
GJo'e + Jm + jol, 1 + 5f/fa 
where 
Nye Ym te 
= d ‘¢ = = 
reg, ee ae 


4-8 a. If A; = short-circuit CE current gain and A;, = short-circuit CC current 
gain prove that, independently of the model used for the transistor, 


Ay; =1— Ax 


: b. If a step of current is applied at the base of a CC amplifier prove that the short~ 
circuit output current obtained from the hybrid-II model is given by 


t= I+ hyl(l — ete) 


where C = C, + C.. 

4-9 Verify Eq. (4-33) for the gain-bandwidth product of a single-stage transistor 
amplifier. Hinr: Use Eqs. (4-27) to (4-29) and (4-18). 

4-10 For the transistor whose parameters are given in Fig. 4-7 driven from a 
source with an output resistance R, = 1 K, evaluate f2, Avec, and Ai. for the following 
values of load: Rx = 0, 1 K, and 2 K. 
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4-11 a. Consider the hybrid-II circuit at low frequencies so that C, and C, may 
be neglected. Omit none of the other elements in the circuit. If the load resistance is 
Ri = 1/gz, prove that 

= Ve = —Gmn + Jo'e 


Vore Gre + Jee + OE 

Hint: Use the theorem that the voltage between C and E equals the short-circuit 
current times the impedance seen between C and EF with the input voltage V,,. shorted 
(Sec. 1-2). 

b. Using Miller’s theorem (Sec. 1-7) draw the equivalent circuit between C and E. 
Applying KCL to this network, show that the above value of K is obtained. 

c. Using Miller’s theorem, draw the equivalent circuit between B and E. Prove 
that the current gain under load is 


ees ae 
[(gore + gore)/K] — gore 


d. Using the results of parts a and c and the relationships between the hybrid-II 
and the h parameters of Sec. 1-4, prove that 


= he 
1 + hoeRt 


which is the result, Eq. (1-2), obtained directly from the low-frequency model of Fig. 
1-3b. Hint: Neglect gy. compared with gn or gy. in A, and in K. Justify these 
approximations. : 

4-12 Consider a single-stage CE transistor amplifier with the load resistor Riz, 
shunted by a capacitance Cz. 

a. Prove that the internal voltage gain K = V../Vo. is 


Ar 


K= yn, —_ 
1 + jw(Cx + C1) Re 


b. Prove that the 3-dB frequency is given by 


1 


i 2+ GDR: 


provided that the following, cgtdition is valid: 
Goes (C. + Cx) > Cc, + C1 + 9nRx) 


4-13 For a single-stage CE transistor amplifier whose parameters have the aver- 
age values given in Fig. 4-7, what value of source resistance R, will give a 3-dB fre- 
quency f2 which is (a) half the value for R, = 0, (b) twice the value for R, = ~? 
Do these values of R, depend upon the magnitude of the load Rz? 

4-14 a. Verify Eq. (4-46) for the maximum 3-dB frequency of a CE stage in an 
infinite cascade of stages. 

b. Find the value of (f2)max for the typical transistor whose values are given in 
Fig. 4-7. 

4-15. The transistor of Fig. 4-7 is used in a cascade of identical CE stages. A gain 
of 15 per stage is desired. Evaluate FR, and fe. 
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4-16 A 2N1141 transistor whose parameters at Jz = 10 mA and Vce = 10 Vare 
rey = 80 Q, ry, = 100 2, C, = 1.5 pF, and C, = 85 pF is used in an infinite CE cas- 
cade. For each stage find (a) fr, (b) (R.)ope and the corresponding | Afal, (c) fe for 
A, = 10, (d) f2 for R. = 2 K, (e) the maximum possible value of f2. 

4-17 For the amplifier of Prob. 4-16 find the gain if a rise time of 20 nsec per 
stage is desired. 

4-18 Consider an infinite cascade of CE stages using 2N247 transistors whose 
parameters are gy. = 0.39 mA/V, gm = 54 mA/V, ry = 45 Q, C. = 780 pF, and 
C. = 3.5 pF. 

a, Find the load resistance (R.)opt for which the gain-bandwidth product |A./,| is a 
maximum. 

b. Find | A.f2| for R. = 100 2, 1 K, 10 K, and (R.)opt. 

4-19 For the amplifier of Prob. 4-18 find the values of R, and A, which will give 
a rise time of 1 usec per stage. 

4-20 For a cascade of CE stages find the asymptotic values of A., fe, and | Aofal 
as R,— ©. For the typical transistor of Fig. 4-7, evaluate these quantities. 

| 4-21 Verify Eq. (4-44) for (R.)opt. What is the significance of a value of x 
which is Jess than unity? 

4-22 Prove that the formulas in Table 4-1 for a single stage apply to (a) the out- 
put stage of a cascade if Rx = R, and R, = R, and (b) the input stage if Rz is taken as 
the parallel combination of R, and hie. 

4-23 a. Find the response of a two-stage (identical) amplifier to a unit step in 
terms of x = t/RC. 

b. For << RC show that the output varies quadratically with time. 

c. If the upper 3-dB frequency of a single stage is f2 and the rise ime. of the two- 
stage amplifier is ¢,®, show that f2t-® = 0.53. 

d. Show that the rise time of a two-stage amplifier is 1.53 times that of a single 
stage. 

4-24 If two cascaded stages have very unequal bandpasses, show that the com- 
bined bandwidth is essentially that of the smaller. 

4-25 A tube amplifier consists of two identical uncompensated stages. The 
total effective shunt capacitance across each stage is the same and is equal to 20 pF. 
The 3-dB bandwidth of the complete amplifier is 10 MHz. If the tubes used have 
gm = 10 millimhos, find the gain of the complete amplifier. 

4-26 A pentode amplifier consists of two identical uncompensated stages. The 
total effective shunt capacitance across each stage is the same and is equal to 20 pF. 
The circuit parameters are g, = 10 mA/V, r, = 1M, R, = 2.5 K, R, = 1 M, and 
C, = 0.5 wF. Calculate for the overall amplifier (a) the gain, (b) the rise time, (c) the 
frequency of a square-wave signal which will suffer a 10 percent tilt when transmitted 
through this amplifier. 

4-27 A single-stage video amplifier uses a 6AU6 pentode operating at a quiescent 
plate current of 3 mA, a screen current of 1 mA, and a screen voltage of 150 V. The 
plate supply voltage is 200 V. The total shunt capacitance is 50 pF. A rise time of 
0.65 usec and a gain of 5 (with an unbypassed cathode resistor) are desired. A 100-usec 
pulse is applied at the input of such a magnitude that the screen current during the 
pulse is4mA. Calculate (a) Rp, (b) Rx, (c) the grid bias Ve, (d) the screen resistance 
R,., (e) the screen capacitance C, if the tilt due to C, is not to exceed 5 percent, (f) the 
cathode bypass capacitance C; if the tilt due to C;, is not to exceed 5 percent, (g) 
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the blocking capacitance C, if the tilt due to C, is not to exceed 5 percent (assuming 
R, =1M). 

4-28 Verify Eqs. (4-58) and (4-59). 

4-29 A pentode amplifier stage has the following parameters: gn = 5 mA/V, 
Ri =2 K, RB = 100 2, Cy = 500 wF, C, = 0.25 wF, and R, = 0.5 M. If a 200-Hz 
square wave is applied to the input, find the percentage tilt in the output waveform. 

4-30 Find the percentage tilt in the output of a transistor stage caused by a 
capacitor C, bypassing an emitter resistor R,. Use the following method: If V is the 
magnitude of the input step, then from Fig. 4-19a, 

V — Un 


R 


Take as a first approximation v, = 0. Justify this step. Calculate the corresponding 
current and, assuming that all the emitter current passes through C., calculate »., and 
then »,. The result is Eq. (4-60). 

4-31 An amplifier stage has a load resistor R, and cathode resistor Rx bypassed 
by a capacitor Q,;. The output is taken at the plate. A negative input step of ampli- 
tude V is applied. 

a. Prove that, if u>> 1 andr, >> Rx, then 


% = ~—Gmvely = —GntvcdsR, = —hy.Rr 


= Im RiV_ ~us 
Vo are a + 9mRre ) 
where 
RiCk 


1 + 9,Rx 


b. If t/r «1, show that the above equation yields the percentage tilt given in 
Eq. (4-61). 

4-32 Find the gain as a function of frequency for a transistor stage with an emitter 
resistor 2, bypassed by a capacitor C, (Fig. 4-19). Does a lower 3-dB frequency always 
exist? Explain. 

4-33 a. Given a cathode follower using a self- -biasing resistor R, bypassed 
with C,. The output is taken across a load R as indicated. If u > 1, show that the 


9 Vep 


Prob, 4-33 
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response to a unit step is 


= 9m ( +4 _GmRi_ a) 
where 
Ll+tgnk 


= C,. Ri ——~ 
1+ gm(R + Ri) 


4 


b. For small values of t/r, show that 


yw nk [: _ gmt | 
° 1+ gunk (L + gmR)C% 


c. Consider a 6L6 triode connected and operating at a point where gm = 2 milli- 
mhos. R, = 2Kand R = 700. If C, = 50 pF, find the percentage tilt in 1.5 msec. 

4-34 Verify Eqs. (4-64) and (4-65). 

4-35 a. Find the response ya [Eq. (4-66)] at the end of a pulse for a three-stage 
amplifier. Plot ya versus x = t/r. Assume z, = 1. 

b. From the analytical expression for ya versus z, show that there are two crossings 
of the zero-voltage axis. Find these two values of x. 


CHAPTER 5 


5-1 a. Prove that the parameter m, introduced in Sec. 5-1 in connection with 
shunt compensation, equals Q., the Q of the circuit at the upper 3-dB uncompensated 
frequency. 

b. Prove that Q. = Q.?, where Q, is the Q at the resonant frequency. 

5-2 Show that in a shunt-compensated amplifier adjusted for critical damping 
the rise time is improved by the factor 1.43 over the uncompensated case. 

5-3 a. Verify Eq. (5-3) and verify that the poles and zero are given by Eq. (5-5). 

b. Verify Eqs. (5-7) and (5-8). 

5-4 Design an overshoot-free stage of a video amplifier having a rise time of 
5 nsec using shunt compensation. Each stage of the cascade consists of an Amperex 
type 7788 pentode having the following parameters: output capacitance = 4 pF, input 
capacitance = 16 pF, stray wiring capacitance = 5 pF, and transconductance = 
50 mA/V. Find (a) R,, (b) L, and (c) the low-frequency amplification. (d) What are 
the gain and bandwidth of two stages in cascade? 

5-5 Three identical ‘stages of an uncompensated tube video amplifier have an 
overall midband gain of —1,000. The rise time per stage is 0.1 usec. Each tube 
used has a transconductance of 5 millimhos. 

a, Find the plate-circuit resistance. 

b. Find the total shunt capacitance per stage. 

c. Find the overall bandwidth. 

d, Shunt compensation is added and the inductance L is adjusted for critical 
damping. Find L. 

e. Find the upper 3-dB frequency of each stage after compensation. 

5-6 Verify Eq. (5-11) for the transfer function of the CE shunt-compensated 
transistor stage. Show that the poles are given by Eq. (5-13). 
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5-7 a. Verify Eq. (5-18) for the inductance required to give coincident poles 
to the transfer function of a shunt-compensated transistor stage. 

b. Verify the restriction of Eq. (5-19) for the collector-circuit resistance. 

5-8 For the critically damped response of a shunt-compensated CE transistor 
stage verify Eqs. (5-23) and (5-24) for d. 

5-9 For d = 0.5 evaluate the function B(d) of Eq. (5-22). 

5-10 For a pole-zero cancellation of the transfer function of a shunt-compensated 
transistor amplifier stage, verify Eq. (5-27) for L’’ and Eq. (5-29) for R.. 

5-11 The transistor equivalent circuit reduces to that of the vacuum tube if 
Two = Oand g,. = 0. Under these circumstances show that the formulas for rise-time 
improvement of both devices when shunt-compensated for critical damping are the 
same. 

5-12 Prove that for the CE shunt-compensated stage the two values of critical 
inductance are equal (L’ = L") if Re = rehie/Tore. 

5-13 Consider an infinite cascade of CE stages using 2N247 transistors whose 
parameters are gy. = 0.39 mA/V, gn = 54 mA/V, rw = 45 QD, C, = 780 pF, and 
C, = 3.5 pF. An inductor is added in series with each collector resistor for shunt 
compensation. If a gain of 80 per stage is desired, find (a) the ioad resistance, (6) the 
rise time, (c) the rise-time improvement factor, and (d) the critical inductance. 

5-14 Consider a 2N247 single shunt-compensated stage (parameters are given 
in Prob. 5-13). If the compensated rise time is to be 0.17 usec, find (a) the load 
resistance, (b) the gain, (c) the rise-time improvement factor, and (d) the critical 
inductance. 

5-15 Consider a shunt-compensated stage using a very high frequency transistor 
having the following parameters: ry. = 1000, rx = 802, 9, = 400 mA/V, C, = 85 pF, 
and C, = 1.5 pF. Ifa compensated rise time of 25 nsec is desired, find (a) the load 
resistance, (b) the gain, (c) the rise-time improvement factor, and (d) the critical 
inductance. 

5-16 a. Verify Eq. (5-37) for the response of a stage with low-frequency compen- 
sation. 

b. Explain physically why perfect compensation results if Eq. (5-41) is satisfied. 

5-17 Consider the case of low-frequency compensation with Ry = nR, shunting 
Ca in Fig. 5-8. Assume that C. is chosen so that the balanced condition, Eq. (5-41), is 
satisfied. 

a. Prove that the Laplace transform of the normalized output voltage 


V.(s}Re 
Y(s) = —=——* 
) = Bru, 
is given by 
¥(s) = 8 + (n + 1)/mR.C. 


8? + s[(n + 1)/nReCe] + R;/n RoC? 
b. Expand this in a series in inverse powers of s and obtain 


Ri a1 — RRedP _ , _ (R/Re)a* 
nR,°Co?8* ¥ 2nR,*C,? 2n 


Y(s) = me 
8 


5-18 A pentode video amplifier for which R, = 2 K is coupled to a succeeding 
stage through 0.1 uF and0.5 M. The quiescent tube current is20mA. The maximum 
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supply voltage available is 300 V. The quiescent plate voltage required is 200 V. 
The amplifier is to be compensated for minimum tilt on a square wave with initial 
slope equal to zero. Draw the complete circuit diagram, specify components, and 
calculate the percentage tilt after compensation for a 200-Hz square wave. 

5-19 In the circuit of Fig. 5-7 prove that perfect low-frequency compensation 
may be obtained if C, is shunted with a resistor R, provided that 

Ra R 
RC, RC ad and R, R 

Note that if it is necessary to isolate the grid of the succeeding stage from the 
d-c plate voltage of the previous stage, a large blocking capacitor may be added in 
series with R. Hunt: Show that the transfer function is independent of frequency. 

5-20 Design a cathode-compensated video-amplifier stage using a 6AU6 pentode. 
Vep = 300 V, Vss = 150 V, the quiescent plate current is 4 mA, and the corresponding 
screen current is 1.5 mA. It is desired to have a gain of 5.5. A negative power supply 
is not available. Find (a) R;, (6) Ry», and (c) C;, to give a good transient response if 
the plate shunting capacitance is 30 pF total. (d) What is the passband under condi- 
tion c? The rise time? (e) Find the gain-bandwidth product. (f) If the cathode 
resistor were bypassed with a very large capacitance, what would be the gain-band- 
width product? 

5-21 A tube in an amplifier is to be operated at a quiescent plate current of 20 mA, 
a quiescent screen current of 5 mA, and a quiescent plate voltage of 200 V. An output 
swing (peak to peak) of 200 V is required when the plate current varies from 5 to 
35 mA, The output capacitance is 20 pF and an upper 3-dB frequency of 3 MHz is 
required. The gn of the tube is 10 millimhos. The grid-to-cathode voltage required 
for the quiescent operating point above is —10 V. Draw a complete circuit diagram 
of the stage, and label each component and supply voltage (screen voltage need not be 
specified). What is the gain of the stage? 

5-22 Given an amplifier stage with a load resistor R, and no cathode resistor. 
The effective capacitance across R, is C and the transconductance is gm. The load i is 
changed to Rj, and a cathode resistor R; is added and bypassed so that B.C, = B,C. 
The franseonduetaice at the new operating current is Jans Prove that 

a. If R, is chosen so that the gain remains unchanged, the rise time is multiplied 
by 9m/9m- 

b. If Ry is chosen so that the rise time remains constant, the gain is multiplied 
by gn/9m- 

5-23 A negative unit step is applied to a pentode having a cathode resistor Ri 
bypassed with a capacitor C,. The total shunt capacitance at the plate is C. For 
each of the following cases draw the output waveform on a time scale which displays 
both the high- and low-frequency transient characteristics of the amplifier: 

a. Ry = C. = 0. 

6. Ce = 0; gn Ri = 1. 

c. gmRy = 1; RiCe = B,C. 

d. gmRx = 1; Cy very large. ‘ 
Draw the waveforms so that relative to one another they are to scale. Indicate time 
constants and percentage tilts. 

5-24 a. Design a single-stage distributed amplifier with a (minimum) gain 
of 12, 100-MHz bandwidth, and 100-Q input and output line impedances. Use 
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type 7788 tubes (Prob. 5-4), constant-k lines with m-derived terminations, and assume 
the stray wiring capacitance is 3 pF at each grid and 10 pF at each plate. Design the 
lines for 150-MHz cutoff. Draw the complete amplifier, including both lines. 

b. The line impedances were specified in part a. If these impedances were not 
specified would it be possible to use a higher-impedance grid line? If possible, would 
it be advantageous? Explain. Repeat for the plate line. 

c. Consider using the tubes required in part a in a cascaded (not distributed) 
amplifier with shunt compensation in each stage and with an overall design band- 
width of 150 MHz. Find the load resistance and gain of each stage. Find the overall 
gain and compare with the distributed amplifier. (Assume identical stages.) 

5-25 A distributed amplifier using 6AK5 tubes is. to be designed with a cutoff 
frequency of 50 MHz and a gain of at least 100. The grid and plate lines are each 
to have a characteristic impedance of 170 9. Calculate (a) the number of stages m, 
(b) the number of tubes per stage n, (c) the overall gain G, (d) the capacitance and 
inductance in each section of grid and plate lines C,, L,, Cp, Lp, and (e) the gain that 
would be obtained if all the tubes used above were put into a single stage. 

5-26 Given a cascade of m distributed stages whose overall bandwidth is f,‘™ 
and overall gain isG. Show that if the line capacitances C, and C, are kept constant, 
then for fixed overall bandwidth and overall gain the minimum number of tubes is 
required when the gain per stage is A = ¢}-5, 


CHAPTER 6 


6-1 a. Evaluate 7 in Eq. (6-1) from the slope of the plot in Fig. 6-3 for T = 25°C. 
Draw the best-fit line over the current range 0.01 to 10 mA. 

b. Repeat for T = —55°C and 150°C. 

6-2 A reverse-biasing voltage of 100 V is applied through a resistor R to a type 
1N270 diode (Fig. 6-4a). The diode operates at 25°C. Determine the diode current 
and voltage for the cases R = 10 M, R = 1 M, and R = 100 K. 

6-3 A resistor of 100 © is placed in series with a germanium diode whose reverse 
saturation current at 25°C is 5 uA. Make a semilog plot of the volt-ampere char- 
acteristic of the series combination over the range from 10 uA to 50 mA in the forward 
direction. 

6-4 a. Use Eq. (6-3) to calculate the anticipated factor by which the reverse 
saturation current of a germanium transistor is multiplied when the temperature is 
increased from 25 to 80°C. 

b. Repeat for a silicon transistor over the range 25 to 150°C. 

6-5 It is predicted from Eq. (6-3) that for germanium, the reverse saturation 
current should increase by 0.10/°C. It is found experimentally in a particular tran- 
sistor that at a reverse voltage of 10 V the reverse current is 5 uA and that the tempera- 
ture dependence is only 0.07/°C. What is the leakage resistance shunting the diode? 

6-6 A diode is mounted on a chassis in such a manner that, for each degree of 
temperature rise above ambient, 0.1 mW is thermally transferred from the diode to its 
surroundings. (The “thermal resistance” of the mechanical contact between the diode 
and its surroundings is 0.1 mW/°C.) The ambient temperature is 25°C. The diode 
temperature is not to be allowed to increase by more than 10°C above ambient. If 
the reverse saturation current is 5.0 uA at 25°C and increases at the rate 0.07/°C, what 
is the maximum reverse-bias voltage which may be maintained across the diode? 
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6-7 a. Consider a diode biased in the forward direction at a fixed voltage V. 
Prove that the fractional change in current with respect to temperature is 


ldI_V,-—V 
I dT nT Vr 


b. Find the percentage change in current per degree centigrade for Ge at V=0.2V 
and for Si at V = 0.6 V at room temperature. 

6-8 A silicon diode operates at a forward voltage of 0.4 V. Calculate the factor 
by which the current will be multiplied when the temperature is increased from 25 to 
150°C. Compare the result with the plot of Fig. 6-3. 

6-9 Reverse-biased diodes are frequently employed as electrically controllable 
variable capacitors. The transition capacitance of an abrupt junction diode is 20 pF 
at 5 V. Compute the decrease in capacitance for a 1.0-V increase in bias. 

6-10 The breakdown diode is a 5.7-V reference diode. From the characteristics 
of Fig. 6-7 find the value of & for which the reference voltage will have a zero tempera- 
ture coefficient. 


100 V 


Prob, 6-10 


611 A series combination of a 15-V avalanche diode and a forward-biased sili- 
con diode is to be used to construct a zero-temperature-coefficient voltage reference. 
The temperature coefficient of the silicon diode is —1.7 mV/°C. Express in percent 
per degree centigrade the required temperature coefficient of the Zener diode. 

6-12 The saturation currents of the two diodes are 1 and 2 pA. The break- 
down voltages of the diodes are the same and are equal to 100 Vv. 

a. Calculate the current and voltage for each diode if V = 90 V and if V = 110 V. 

b. Repeat part a if each diode is shunted by a 10-M resistor. 


_# t 


Prob. 6-12 Prob. 6-13 


6-13 a. The avalanche diode regulates at 50 V over a range of diode current from 
5to40mA. The supply voltage V = 200 V. Calculate F to allow voltage regulation 
from a load current I, = 0 up to Imax, the maximum possible value of Iz. What is 
Tmax? 
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b. If & is set as in part a and the load current is set at J, = 25 mA, what are the 
limits between which V may vary without loss of regulation in the circuit? 

6-14 The circuit regulates the load voltage V, at 20 V. Using the data given in 
Fig. 6-8 calculate the change in load voltage if (a) the unregulated 100-V supply 
changes by 2 percent, (6) the load current changes by 2 percent. 


Prob. 6-14 


6-15 A thermionic diode operates at a cathode temperature of 1000°K at normal 
heater voltage and yields a current of 100 uA when the anode is shorted to the cathode. 

a. Find the voltage which appears across the diode if the anode is connected to the 
cathode through a resistor R = 1 M. Find the voltage if R = 100 M. 

b. The diode is connected to a forward-biasing voltage of 100 V through a 1-M 
resistor. What is the diode current and voltage? 

6-16 Each diode is described by a linearized volt-ampere characteristic with incre- 
mental resistance r and offset voltage V,. Diode D1 is germanium with V, = 0.2 V 
and r = 20 Q, whereas D2 is silicon with V, = 0.6 V andr = 15. Find the diode 
currents if (a) R = 10 K, (6) R=1 K. 


100 V D1 


Prob. 6-16 


6-17 Verify from the plot in Fig. 6-14b that for the type 2N914 silicon transistor 
1 dIczo 


Fou a 
is aconstant. Determine the value of the constant and compare it with the value of y 
obtained from Eq. (6-4) at 7 = —55°C and +185°C. 

6-18 a. The reverse saturation current of the germanium transistor in Fig. 6-15 
is 2 4A at room temperature (25°C) and increases by a factor of 2 for each temperature 
increase of 10°C. The bias Vas = 5 V. Find the maximum allowable value for Rs 
if the transistor is to remain cut off at a temperature of 75°C. 

b. If Vas = 1.0 V and Bz = 50 K, how high may the temperature increase before 
the transistor comes out of cutoff? 
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6-19 A silicon transistor has hyg = 50, Ico = 0.1 uA, and a cutin voltage V, = 
0.5V. The parameter n in the avalanche multiplication formula [Eq. (6-16)] isn = 4 
and BVcso = 60 V. (a) Calculate BVcgo; (b) calculate BVcar if Re = 1 M; (c) cal- 
culate BVexx assuming Vas = 10 V and Rs = 10 K. 

6-20 From the characteristic curves for the type 2N404 transistor given in 
Chap. 6, find the voltages Vex, Vex, and Vac for the circuit shown. 


-9V 
1K 
30K 
2N404 
Prob. 6-20 


6-21 Starting with Eqs. (6-33) and (6-34) and assuming J >> Ico, prove that 


I 
pate ean 1+ hee +7 
Vea © +9V_ la ——————_ = 9V7 ln —_—_—_— > 
oer i (- i) 
In an a heels 


where hrz = ay/(1 — aw) and hear = a7/(1 — a). 
6-22 a. The incremental resistance between collector and emitter for a grounded- 
emitter switch at constant base current may be computed as 


d(Ve — Ve) 
Is ale 
where Vz and Vc are, respectively, the voltage drops across the emitter and collector 
junctions. Using Eqs. (6-38) and (6-34), show that 

1 — ay + l—a | 
anlIp — Ic(1 — ay) + Ico Ia +Ic( — ar) + Tro 


Te 


Toes = nVr [ 


b. If Ip > Teo and if L-—-2* £¢ <1 show that 
an I B 


pare nVr 1 — aver 
B an 
6-23 a. Show that J¢ is given approximately by 


E + Ixo(R + ad Ico 
nVr 


1 — aya; + (1 — aw) 


Ice = Iczur = 


Tgo(R + rev} 
aVr 
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where ris, is the base-spreading resistance. Hint: Assume that the collector junction 
is reverse-biased and that the emitter junction is slightly forward-biased. Take 
advantage of the approximations which are allowed because the forward bias is small. 
b. A germanium transistor operating at room temperature has ay = 0.98, Ico = 
2 uA, Iso = 1.6 wA, and ru, = 2002. Calculate Tc for R =O and R = wo. 
c. What value of # will give a collector current midway between the currents 
corresponding to a shorted and open base? 


Prob. 6-23 


6-24 A type 2N404 germanium transistor is operated at room temperature in the 
CE configuration. The supply voltage is 6 V, the collector-circuit resistance is 200 Q, 
and the base current is 20 percent higher than the minimum value required to drive 
the transistor into saturation. Assume the following transistor parameters: Ico = 
—5 wA, Iso = —2 uA, hee = 100, and ry, = 2509. Find Vax(sat) and Vox(sat). 

6-25 The type 2N1708 double-diffused silicon transistor has parameters hrz = 30, 
hrz; = 0.2 (Prob. 6-21), roy = 30 Q, Teco = 13 nA, and has a collector body resistance 
of 6Q. It operates with Jz = 1 mA and Ic = 10 mA. Find Vaz and Ver at room 
temperature. 

6-26 Show that the emitter volt-ampere characteristic of a transistor in the active 
region is given by 


Ig = T,eValavr 


where 7, = —Izo/(1 — aya;). Note that this characteristic is that of a p-n junction 
diode. 

6-27 Using the result of Prob. 6-26, verify that the variation of Vz with tempera- 
ture is given by Eq. (6-5). Carry out the required differentiation, assuming that Eq. 
(6-3) is valid for zo. Note that dVz/dT ~ —2 mvV/°C, as indicated in Eq. (6-6). 

6-28 a. Show that if the collector junction is reverse-biased with [Veal > Vr, 
the voltage Var (page 852) is related to the base current by 


Von = La(rw + ; i ) + Zeke 


— Qn 1 — ayn 


Is(1 — ayaz) an(1 =] 
Tz0(1 — aw) ar(1 — ay) 


+ nVrln [: + 


where ry, is the base-spreading resistance and Reg is the emitter body resistance. 
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b. Show that if the collector is open-circuited, 
I 

Vee = Ta(tw + Re) + 9V7 In (: + i) 

Tro 


6-29 If the emitter follower is overdriven to the extent that the base current 
exceeds the emitter current, the output voltage can be made exactly equal to the supply 
voltage. Show that V. = Vee when 


In = Vee ( +4 an 1 _— a) 


R. ar 1— ay 


Voc 
Ty 
+ 
Vie 
Prob. 6-28 Prob. 6-29 


6-30 Use the Ebers-Moll equations to show that the transconductance of 4 
transistor in the active region is given by 


dlc 1 | ga - auld Ie 
Ie - ~ 


Ve=const n Vr 1 — away Vr 


om GV 
Hint: Assume eVc/¥r € 1, 

6-31 For a 12AU7 vacuum tube evaluate the incremental grid resistance 7, 
as a function of the grid-to-cathode voltage Ve with the plate-to-cathode voltage Vp 
as a parameter. Choose values of Vp = 150, 100, and 50 V. 

6-32 a. Ifa 2.5-K resistor is connected from the grid of a type 5965 tube to its 
cathode, how much bias voltage will develop across this resistor? 

b. What plate current flows under the conditions in (a) if the supply voltage is 
200 V and the load resistance is 10 K? 


CHAPTER 7 


7-1 For the diode clipping circuit of Fig. 7-4a assume that Vr = 10 V, % = 
20 sin wt, and that the diode forward resistance is R,; = 100 Q while R, = © and 
V, = 0. Neglect all capacitances. Draw to scale the input and output waveforms 
and label the maximum and minimum values if (a2) R = 100 9, (6) R = 1 K, and (c) 
R=10K., 

7-2 Repeat Prob. 7-1 for the case where the reverse resistance is R, = 10 K. 

7-3 In the diode clipping circuit of Fig. 7-4a and d, x; = 20 sinwt, R = 1 K, 
and Vz = 10 V. The reference voltage is obtained from a tap on a 10-K divider 
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connected to a 100-V source. Neglect all capacitances. The diode forward resistance 
is 50 Q, R, = ©, and V, = 0. In both cases draw the input and output waveforms 
to scale. Which circuit is the better clipper? Hunt: Apply Thévenin’s theorem to 
the reference-voltage divider network. 

7-4 The input voltage »; to the clipper shown is a 1.0-usec pulse whose voltage 
varies between 0 and 10 V. The forward diode resistance is R; = 1000, V, = 0.5 V, 
and R, = «. Sketch the output waveform v, and indicate the time constants of the 
exponential portions. 


Prob, 7-4 
7-5 The diode has R, = 100 Q, R, = 10 K, V, = 0, and the capacitance shunt~ 
ing the diode is 5 pF. For the periodic waveform shown, sketch the steady-state out- 
put voltage, indicating all voltages and time constants. 


Prob, 7-5 


7-6 A symmetrical 5-kHz square wave whose output varies between +10 and 
~10 V is impressed upon the clipping circuit shown. Assume R,.= 0, R, = ©, and 
V, = 0. Sketch the steady-state output waveform, indicating numerical values of 
the maximum, minimum, and constant portions and the time constants of the exponen- 
tial portions, if (a) all capacitances are neglected, (b) the diode capacitance of 10 pF 
is taken into account but the load capacitance is neglected (an unrealistic situation), 
and (c) both the diode and load capacitances (each equal to 10 pF) are taken into 
consideration. 


Prob. 7-6 


854 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Chap. 7 


7-7 The diode has resistances R,; = 1 K, R, = 100 K. Assume that Vy = 0. 
Draw the output waveform v, and label all voltage levels and time constants. 


5pF 


Prob. 7-7 


7-8 a. What is the magnitude of »; when the output is zero? 

b. Draw the output waveform if the input is as shown. Plot the output directly 
below the input and to the same time scale. 

c. What is the grid-to-cathode voltage when the output is +50 V? 


Prob. 7-8 


7-9 The input »; to the circuit shown is a sinusoidal voltage whose peak value is 
80 V. Sketch the output voltage » to the same time scale as the input, and calculate 
the maximum and minimum values of the output. 


Prob. 7-9 
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7-10 a. A transistor operates in the common-emitter configuration with a 
collector resistor R,. In terms of the hybrid-II_ parameters of Fig. 1-4, show that if 
gn, > 1, then the input impedance, at low frequency, is 


Tore nVr 1+h,. 
R; = Tyr + OU ’ + —_— o_o 
SP hal Wel VERA 


where Ig is the d-c emitter current and R, is the parallel combination of R, and r,.. 

b. Assume a germanium transistor at room temperature with Iz = 1 mA, hy. = 50, 
Tw = 100 Q, ry, = 4 M, and r.. = 80 K. Plot R; as a function of R, over the range 
R. =0 to R, = «©. Show that over the range 0 < R. < 10 K, R; departs from h,. 
(the short-circuit input impedance) by less than 10 percent. Show also that over the 
whole range the input impedance varies only by a factor of about 2. 

7-11 A silicon transistor operates at room temperature in the common-emitter 
configuration with a collector resistor R, = 5 K from a 10-V collector supply. The 
transistor has hy. = 50, re = 50 2, ree = 80 K, and ry, = 4M. Calculate the input 
impedance (a) just before the transistor enters saturation, (b) just after it has entered 
saturation, and (c) when the emitter current is 1 percent of the saturation current. 

7-12 a. The input voltage v; to the two-level clipper shown in (a) varies linearly 
from 0 to 150 V. Sketch the output voltage v. to the same time scale as the input 
voltage. Assume ideal diodes. 

&, Repeat part a for the circuit shown in (8). 


Prob. 7-12 


7-13 The circuit of Fig. 7-12a is used to “square” a 10-kHz input sine wave whose 
peak value is 50 V. It is desired that the output voltage waveform be flat for 90 percent 
of the time. Diodes are used having a forward resistance of 100 2 and a backward 
resistance of 100 K. 

a. Find the values of Vr: and Varo. 

b. What is a reasonable value to use for R? 

7-14 a. The diodes are ideal. Write the transfer characteristic equations (v, as 
a function of »,). 


Prob. 7-14 


1 
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_b. Plot v, against »; indicating all intercepts, slopes, and voltage levels. 

c. Sketch v, if v; = 40 sin wt. : Indicate all voltage levels. 

7-15 a. Repeat Prob. 7-14 for the circuit shown. 

b. Repeat for the case where the diodes have an offset voltage V, = 1 V. 


Prob. 7-15 


7-16 Assume that the diodes are ideal. Make a plot of v. against » for the range 
of v; from 0 to 50 V. Indicate all slopes and voltage levels. Indicate, for each region, 
which diodes are conducting. 


Prob, 7-16 


7-17 The triangular waveform shown is to be converted into a sine wave by 
using clipping diodes. Consider the dashed waveform sketched as a first approxima- 
tion to the sinusoid. The dashed waveform is coincident with the sinusoid at 0°, 30°, 
60°, etc. Devise a circuit whose output is this broken-line waveform when the input 
is the triangular waveform. Assume ideal diodes and calculate the values of all supply 
voltages and resistances used. The peak value of the sinusoid is 50 V. 


Prob. 7-17 
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7-18 Construct circuits which exhibit terminal characteristics as shown in parts 
(a) and (6) of the figure. 


I I 


(a) (0) 
Prob. 7-18 


7-19 a. The circuit of Fig. 7-14a is modified as follows: The grid of V1 is biased at 
Veo, and v; is RC-coupled to this grid. The circuit parameters are Veg: = Veg: = 
—5 V, Ry = 3 K, R, = 10 K, and Vpp = 200 V. The tube is a 12AU7. Make a 
plot of the variation of », with »;. Show where the clipping levels occur. Vxx = 0. 

5. Calculate the ratio v,/v; for the region between clipping levels by using the linear 
equivalent circuit. Compare with the average gain calculated from the plot obtained 
in (a). 

7-20 For the circuit of Fig. 7-14a, R, = 100 K, Rp = 20 K, Vep = 300 V, and 
the tube is a 12AX7. The input is sinusoidal and is C-coupled to the grid of V1, 
which is biased at Voci. It is desired that the peak-to-peak output be limited to 20 
V and that the output be symmetrical with respect to its quiescent value. 

a. Find Vea and Vean. 

b. At what input signal amplitude will the output start being clipped? 

c. For what peak input signal will the input tube start drawing grid current? 

d, What is the gain of the circuit in the region of linear operation? 

e. Draw an input sinusoid of peak value 50 V, and directly below it and to the 
same time scale draw the output voltage waveform. 

7-21 In the two-level transistor clipping circuit of Fig. 7-14, the transistors are 
germanium p-n-p type requiring a negative collector supply and a positive emitter 
supply. The magnitudes of the parameters are Voc = 4.5 V, Vez = 12V,R, = 2.7 K, 
R, = 10 K, and Vag, = 2V. Make aplot showing », as a function of v;. Show where 
the clipping levels occur. What is the total range of »,; over which the output responds? 

7-22 Consider an emitter-coupled clipper operating with constant emitter current 
I. Let us define the upper level v;y to correspond to the point where the current in 
Q2 is only 1 percent of its maximum value and the lower level v,;, to correspond to a 
current in Q2 which is 99 percent of its maximum value. Show that in this case the 
range Av; = vy — vz is approximately twice the value given in Eq. (7-14). 

7-23 An emitter-coupled clipper as in Fig. 7-146 has its common emitters returned 
to a current source of-constant current J. The collector resistance R, is small enough 
so that it may be considered a short circuit. 

a. Show that the circuit indicated is an equivalent circuit for the purpose of 
calculating the input current Ai; corresponding to an input voltage change Ap,. 
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b. Show that the output voltage swing between clipping levels is 


where @ = fore/ (Tore + To). 

c. Since from Eq. (1-9) gm varies with |Ix|, choose an average gm corresponding to 
jIz| = 1/2. Show that the total input change required to take the output between 
its two clipped levels is Av; ~ 4nVr. Compare with Eq. (7-14). 


B, Top’ Bi By Too! By 


Prob, 7-23 . 


7-24 a. In the emitter-coupled clipper of Fig. 7-14b, Vas. = 0. The two ger- 
manium transistors have identical parameters except that the quantity (1 — a1)/Izo0 
for Q1 is 1.5 times as large as the comeebondine quantity for Q2. At room temperature 
what are the values of viv and v1? 

bd. If the transistors were identical what would be the values of vj and vn? 

7-25 a. Inthe clipping circuit shown, D2 compensates for temperature variations. 
Assume that the diodes have infinite back resistance, a forward resistance of 50 Q, 
and a break point at the origin (Vy = 0). Calculate and plot the transfer character- 
istic ». against »; Show that the circuit has an extended break point, that is, two 
break points close together. ; 

b. Find the transfer characteristic that would result if D2 were removed and the 
resistor R were moved to replace D2. 

c. Show that the double break of part a would vanish and only the single break of 
part b would appear if the diode forward resistances were made vanishingly small in 
comparison with RF. 


Prob, 7-25 
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7-26 a. In the peak clipping circuit shown, add another diode D2 and a resistor 
R’ in a manner that will compensate for drift with temperature. 

b. Show that the break point of the transmission curve occurs at Vr. Assume 
R,>> R> Ry. 

c. Show that if D2 is always to remain in conduction it is necessary that 


i tue VE Z (Ve — Vy) 


Prob. 7-26 


7-27 The diode-resistor comparator of Fig. 7-19 is connected to a device which 
responds when the comparator output attains a level of 0.1 V.. The input is a ramp 
which rises at the rate 10 V/usec. The germanium diode has a reverse saturation 
current of l wA. Initially R ~ 1 K and the 0.1-V output level is attained at a time 
t=t. IRfwenowset R = 100 K, what will be the corresponding change int,;? Vr =0. 

7-28 Show that the double-differentiator comparator pulse given in Eq. (7-18) 
has an amplitude 0.37aARC and a width at half maximum of 2.4RC, and that the peak 
occurs at z = 1. 

7-29 The input to the comparator of Fig. 7-23 is a ramp whose slope is 0.1 V/ysec. 
The reference level is Ve = 0. The amplifier gain is 10 and 7; = 7; = 100 usec. 
What are (a) the initial slope of the output pulse and (6) the peak value of the out- 
put? (c) If 7, = 100 usec and 7. = 10 usec, what is the peak value of the output? 

7-30 For the difference-amplifier comparator of Fig. 7-14b, the common-mode gain 
A, is defined by A. = v/v, under the circumstance that when a signal v; = », is 
applied to QI, an identical signal », is simultaneously applied to Q2. The difference- 
mode gain is defined by Az = v,/vg under the circumstance that when a signal »; = 
v2/2 is applied to Q1, a signal —v,4/2 is simultaneously applied to Q2. ° Each source 
has a resistance R,. Assume that the load resistor is small enough to neglect in calculat- 
ing the current in Q2 (h,.R. < 1). 

a. Show that if hye >> Roe(R, + hie) 


-_ (2h Re en hy) Re 

2Re(hy +1) +B, + hi 
Hint: Use the symmetry of the circuit to show that it may be split into two uncoupled 
transistor stages each operating with an emitter resistor 2R.. Use the exact expression 
for A; given in Eq. (1-56) and use —.4; in place of hy. in Eq. (1-50). 

b. Show that A, is independent of R, and is given by 
hyeRe 
Fe ee 
2(R. + hie) 


e 
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Hint: Use the symmetry of the circuit to show that no signal appears at the common 
emitter. Hence the emitter is virtually grounded and again the circuit may be split 
into two separate transistor stages. : 

c. Find the common-mode rejection ratio p defined by p = |Aa/Acl. 

d. Evaluate A., Aa, and p if hy, = 100, R, = hie = Re = 1 K, R. = 25 K, and 
1/hoe = 40 K. 

7-31 «. As a result of an ambient temperature change the reverse saturation 
current of each transistor of the difference-amplifier comparator of Fig. 7-146 increases 
by Alco =1 wA. For R, arbitrarily large calculate the change in input voltage, 
applied simultaneously to each base, that will produce the same change in output 
voltage as is caused by the change Alco. Use hye = 100, 1/Ace = 40 K. Use the 
results of Prob. 7-30. 

b. If R, = hie = 1 K, what change in input voltage applied to one base will 
produce the same change in output as is caused by the change Alco? 

7-32 a. Calculate the common-mode gain A, and the difference-mode gain Ag 
for the vacuum-tube circuit of Fig. 7-14a. (These gains are defined in Prob. 7-30.) 
If (« + 1)Rx>> rp and » >.1, show that 


uR, 


= Rorp 
27, + Rp 


R,(2rp + R,) 

b. Show that the common-mode rejection ratio p is p = |Aa/Ac| = gmRx. 

7-33 In the difference-amplifier comparator of Fig. 7-14a the heater voltage 
changes so that there is equivalently a ‘voltage AV introduced in series with each 
cathode. Show that the output will change by an amount which corresponds to a 
signal-voltage change Av; applied to one grid where 


_ AVa 
gnPx 


provided that (u + 1) Ry > rp. 


Aa and A, = 


Av, 


CHAPTER 8 


8-1 a. In the circuit of Fig. 8-2 the diode is ideal with Ry = 0, R, = ©, and 
V, = 0. The input signal is sinusoidal and of frequency f. Show that the angle 6 
during which the diode conducts in each cycle is given exactly by 


sin 6 
2rfRC 


b. Make the approximation, at the outset, that @ is small. In this case it is 
approximately correct to say that the capacitor discharges through R during the entire 
cycle. On this basis, compute the change Av, in capacitor voltage during the course of 
a cycle and find the angle @ at which the diode will start to conduct. Show that 


cos ¢ = eo (24-8) /2nfRe — 
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d. For @ = 30° draw one complete cycle of the input waveform and, on the same 
coordinate axes, one complete cycle of the output waveform. , 

8-2 In the circuit of Fig. 8-2, C = 0.1 uF, R = 10 K, and the diode has R, = ©, 
Ry; = 1,000 Q, and V, = 0. The input is a symmetrical square wave of frequency 
1 kHz operating between the levels —150 and —100 V and beginning at —150 V at 
¢=0. Assuming that the capacitor is initially uncharged, draw the waveform of », 
from ¢ = 0 through the first two cycles during which the diode conducts. Label all 
voltage levels. 

8-3 In the circuit of Fig. 8-3, R, = R, = 509, R, = ©, R=10K,C = 1.0yuF, 
and the diode break occurs at V, = 0. The input signal v, is as shown. Draw the out- 
put waveform and label all voltages, assuming that the capacitor is initially uncharged. 


Prob. 8-3 


8-4 In the restorer circuit of Fig. 8-3, R, = 5 K, R = 15K, R, = 1009, R, = «, 
V, = 0, and C = 0.5 uF. The input », = 0 fort < 0 and for t > Ois @ square wave 
of frequency 5 kHz and makes excursions between 0 and 10 V. The capacitor is 
initially uncharged. Draw the output waveform for the first three cycles, labeling 
all voltage levels and time constants. 

8-5 a. In the restorer circuit of Fig. 8-3, V,=Oand Rj KR «KR,. Do not 
assume that R, < R. Let the capacitance C be arbitrarily large. The input is a sym- 
metrical square wave of peak-to-peak amplitude V. Draw the output waveform in 
the steady state and show that the positive and negative excursions of the output signal 
are 


R; R 
Bao. See 
‘ Qk, +R a 2k, +R 


b. Since the upper clamped level is close to zero we might expect that when 
the input drops abruptly by the amount V the output would drop abruptly by 
VR/(R. + R). Instead we find that the drop is VR/(2R, + R). Explain physically 
how this comes about. 

c. If R = 10 K and R, = 0, what is the maximum allowable value of R, if the 
peak-to-peak amplitude of the output is not to be less than 0.99 V? 

8-6 a. In the restorer circuit of Fig. 8-3 the input is the square wave of Fig. 8-6. 
Let V, = 0, Ry KR «KR,, C be arbitrarily large, and k = 72/T;. Do not assume 
that R, «< R. Show that the output waveform in the steady state has a positive 
excursion V, and a negative excursion — V2 given by 


_ kR,V — RV om. 
(l+)R,+kR; +R * (+ 0R, + kR; ER 


Vi 
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b. Calculate the peak-to-peak value of the output voltage. Note that not only 
the clamping level but alsc the output amplitude depends upon the duty cycle. What 
is the output amplitude if R, = 0? 

8-7 The ramp-type signal is applied to the restorer circuit of Fig. 8-3, which has 
R, = 1009, V, = 0, R, = ©, and R = 10K. The capacitance C is arbitrarily large. 
Draw the output waveform, calculate all. voltage levels, and calculate the voltage 
across the capacitor if the generator resistance R, is (a) zero and (b) 100. (c) Repeat 
parts a and b if the diode is reversed 


OV 


}—r—|-—r— 


Prob. 8-7 


8-8 Repeat Prob. 8-7a for a sinusoidal input signal of peak-to-peak value 100 V. 

8-9 Verify Eq. (8-16). 

8-10 In the restorer circuit of Fig. 8-3, Ry = 100 0, R, = », Vy =0, and 
R= 100 K. The waveform is a square wave with V = 30 V, T, = 50 usec, and 
T, = 1,000 usec. 

a. Assume R, = 0 and C arbitrarily large. Calculate and sketch the steady-state 
output voltage v. 

b. Repeat part a if R, = 100 2. 

c. Repeat part b if C is 0.05 uF. 

d. Repeat part cif V, = 0.7 V. 

8-11 The signal shown, with V = 20 V, T, =1. 
applied to the restorer of Fig. 8-3. The circuit has R, 
R,; = 10, R, = ©, and V, = 0. 

a. Compute the steady-state output waveform ». 

b. Repeat part a if the diode terminals are reversed. 

c. Repeat parts a and b if R = 1M. 


msec, and 7, = 10 msec, is 
=0,R=1K,C=0.1 uF, 


T,—-| |.__7, ——+| 


Prob. 8-11 


8-12 A symmetrical 10-kHz square wave whose peak excursions are + 10 V with 
respect to ground is impressed upon the diode clamping circuit of Fig. 8-3. If 
R = 10 K, C = 1 pF, the diode has R, = ©, R; = 0, V, = 0, and the source imped- 
ance is zero, 

a. Sketch the output waveform. 
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b. If the diode forward resistance is 1 K, sketch the output waveform. Calculate 
the maximum and minimum voltages with respect to ground. 

c. Repeat part b if the source impedance is 1 K. 

8-13 An attempt is to be made to restore the maximum value of the periodic 
waveform indicated to a value of +10 V. The diode used has V, = 0, Ry = 209, and 
R, = 0, Assume zero source impedance. The coupling capacitance has a value of 
0.05 uF. Because of the load the effective resistance across the diode when it is not 
conducting is 20 K. 

a. Indicate the circuit to be used. 

b. Make a careful sketch of the output waveform. Label all important voltages 
and all time constants, 

c. Indicate two important areas on your sketch and state the ratio of these two 
areas, 


10 psec 
‘anal 
oa 
30V 100 psec 
50V 
eee ee ee er 
Prob. 8-13 


8-14 An attempt is made to restore the minimum value of the waveform of Prob. 
8-13 to ground. The same diode, coupling capacitance, and load resistance are used 
asin Prob. 8-13. Make a careful sketch of the output waveform, and label all important 
voltages with respect to ground. Also indicate the time constants of all exponential 
portions of the waveform. 

8-15 The square wave shown is applied to the circuit of Fig. 8-12. Assume that 
Ti « RC, T: > R/C, R, = 0, V, = 0, and R >» Ry. 


t~0 


-v 
Prob. 8-15 


a. Prove that the percentage tilt P of the output waveform in the interval 7, is 
given by 


Vyy 
pa(i + rr) S RC x 100% 
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b. Assume that 7, = 7. = 0.1 msec, RC = 1 msec, and V = 10 V. Sketch the 
output waveform for values of Vyy = 0, 40, 90, and 190 V. Prove that the positive 
peak value of the output is V if 7, > (V/(V + Vry)]RC. 

8-16 The input to the circuit of Fig. 8-135 is a 20-V rms sine wave of frequency 
1 kHz. The tube is a 12AU7 with Vep = 200 V, R, = 10 K, R = 1M, R, = 0, and 
C=0.1 uF. Sketch, to the same time scale, the input voltage, the grid voltage, and 
the plate voltage.. Find the maximum and minimum values of these voltages. Assume 
zero grid-to-cathode resistance when grid current flows. 

8-17 A square wave whose period is 2 msec and whose peak-to-peak amplitude 
is 40 V is impressed on the clamping circuit of Fig. 8-12. The circuit parameters are 
Vry = 300 V7, R=1M,C =0.1 uF, Ry; = 500, R, = 0.5 M, Vy = 0, and R, = 0. 
Calculate and sketch the steady-state output voltage v. 

8-18 Verify Eqs. (8-20) and (8-21). 

8-19 Verify Eq. (8-22). 

8-20 Apply Eq. (8-22) to a symmetrical square wave (T, = T: = T/2) of peak- 
to-peak voltage V. Show that for R >> Ry, R, = 0, and C arbitrarily large, the maxi- 
mum positive excursion of the output signal is V, given by 


Ve =Vy + 2 Vy +V) 


8-21 a. In the circuit of Fig. 8-12, R, = 0, and the diode is ideal with A, = 0, 
R, = ©, and V, =0. The input signal is constant up to t = 0 and for ¢ > 0 the 
input is a negative-going ramp of slope a. Prove that, if the diode is to come out of 
cutoff, it is necessary that a > Vyy/RC. What is the physical interpretation of this 
inequality? 

b. If @ satisfies the condition given in part a, show that the output voltage is 
given by 


= —(aRC — Vyy)(1 — €#¢) 


8-22 aa how d-c restoration in the base and grid circuits is largely sup- 
pressed in the circuits shown. In (a) the resistance R is much larger than the diode 
forward resistance or the base-to-emitter diode resistance. In (6) R « Re. 


Vec 9 


(a) = 
Prob. 8-22 
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8-23 The diode is ideal with Ry = 0, R, = ©, and V, ~ 0. Draw the output 
waveform and specify all voltage levels and time constants. Note that the time 
constant associated with the shunt capacitor is very much smaller than the time con- 
stant associated with the series capacitor. Make reasonable approximations, taking 
this feature into account. 


20V — 


a 2 


0.1 sec 


Prob, 8-23 


8-24 a. In connection with the synchronous clamping circuit of Fig. 8-17, show 
that, in the steady state, when the diodes conduct, the voltage at A is the same as 
the voltage at B. 

b. Assume that the signal makes excursions + V, with respect to its quiescent level. 
Show that if neither diode is to conduct during the intervals T, it is required that 
V, > Vs. 

8-25 a. In Fig. 8-17,C > C, = 500pF and Ve = 0. Thediodeshave Ry = 202, 
R, = 0,and V, = 0. The clamping circuit delivers its signal to a 10-K load. Large 
clamping pulses, having a duration of 0.5 usec, occur with leading edges att = 5.25, 
11.25, etc., usec. For the input signal shown, draw the output and indicate all voltage 
levels and time constants. 

b. If C, = 1,000 pF and if the clamping pulse duration is 1 usec, with leading edges 
at 5, 11, etc., usec, repeat part a. 


Prob, 8-25 


8-26 a. For the overdriven amplifier of Fig. 8-18 show that the change in voltage 
across the capacitor C during the interval 7’, is 


AV, = Wee +tV- Va)(1 — Tilt) 
b. Show that the expression for AV, may be put in the form 


Vee - Ve +V , 


AV, = 
‘ Veo ~ Vs 
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c. For Ruz « R show that AV4 reduces to AVa = V3 — Vo. 

d. Show that A, in Fig. 8-18f is given by Ay = AV4Rao/(R + Ra). 

8-27 In the circuit of Fig. 8-18a a type 2N404 germanium transistor is used for 
which rx = 100 2. The supply voltage is Vec = 15 V, R, = 1 K, R = 50 K, and 
C =0.1uF. The gating source supplies a signal of amplitude 15 V at a constant output 
impedance of 15 K. The time 72 is 1.5 msec. Draw the waveforms of Fig. 8-18, 
labeling all voltage levels. 

8-28 In the circuit of Fig. 8-180 a type 12AU7 tube is used. The supply voltage 
is Vpp = 800 V, R = 0.75 M, R, = 15 K, and C = 0.015 uF. The gating source 
supplies a signal of amplitude 120 V at a constant output impedance of 25 K. The 
time T. is 1.5 msec. Draw the waveforms of Fig. 8-18, labeling all voltage levels. 

8-29 In the circuit of Fig. 8-22 two silicon transistors are used with rw = 200 2. 
The supply voltage is Veo = 15 V, Ra = 15K, Ree = 1K, R = 50K, andC = 0.1 uF. 
The gating signal applied to Q1 makes excursions between such levels that transistor 
Q1 is turned on and orr. The on period of Q1 is T; = 1.5 msec. Find the voltage 
levels of the waveforms at the collector of Q1 and at the base and collector of Q2. 

8-30 The input pulse duration is 1.0 msec. Draw the waveforms at the plate of 
V1 and at the grid and plate of V2. Label all voltage levels and time constants. 


Prob. 8-30 


8-31 Repeat the illustrative example on page 289 for the two-stage overdriven 
amplifier with the change that C = 0.025 sF. Find the voltage levels of the wave- 
forms at the collector of Q1 and the base and collector of Q2. 

8-32 A large-amplitude symmetrical square-wave signal of frequency 10 kHz is 
applied to the circuit of Fig. 8-23a, driving the transistor between saturation and cutoff. 
The circuit parameters are Vec = 10 V, L = 100 mH, RF = 30 K, and R, = 10 K. 
Draw the output waveform, labeling all voltages and time constants. 

8-33 The neon tube in the circuit in (a) has the volt-ampere characteristic shown 
in (b). The 6CG7 initially operates at zero grid-to-cathode voltage. Does the neon 
tube conduct in this quiescent state? Att = 0 a negative step »; is applied to the grid 
to drive the tube to cutoff. Draw the output waveform, labeling all voltages and time 
constants. Hunt: If the current in the neon tube decreases to zero, this device stops 
conducting. 
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(a) = 


Prob. 8-33 


8-34 In the peaking circuit of Fig. 8-23, the tube is a 12AT7, Vep = 100 V, 
R = 10 K, R, = 1M, C = 0.1 uF, and L = 10 mH. The input square wave has a 
peak-to-peak value of 10 V and a frequency of 10 kHz. 

a. If the capacitance shunting L is neglected, sketch the output waveform. Cal- 
culate the maximum and minimum voltage values and the time constants of the 
exponential portions of the output waveform. 

b. If the capacitance shunting L is 25 pF, calculate and sketch the output 
waveshape. 

8-35 In the circuit of Fig. 8-26a the tube is a 5965, Vee = 200 V, R, = 20 K, 
C, = 50 pF, R, = 1 M, and C = 0.001 uF. The input is a 100-kHz square wave 
whose peak-to-peak amplitude is 10 V. Calculate and sketch the output voltage. 

8-36 In the circuit of Fig. 8-262, Vpp = 300 V, R, = 33 K, and the tube is a 
6CG7. A symmetrical square-wave input signal drives the tube between zero grid 
voltage and cutoff. The capacitance C, is arbitrarily large. In the steady state, find 
the voltage across the capacitor C,. Hunr: The average value of current through the 
capacitor must be zero. 

8-37 In the circuit of Fig. 8-27a, a silicon switching transistor is used with 

the parameter hrs = 100. The supply voltage is Vec = 10 V, R. = 1 K, Rs = 50 K, 
and C, = 0.05 uF. An input square-wave signal of frequency 2 kHz drives the tran- 
sistor from saturation to cutoff. Draw the waveform of collector current and output 
voltage. Label all voltages, times, and time constants. 
, 8-38 a. Assume in Fig. 8-3la that 2, is arbitrarily large so that the switch is 
being driven from a current source which provides a current J to keep the transistor 
in its active region. Let the combined incremental resistance of D1 and the battery 
Va be equal to R; Assume that the incremental input resistance between base and 
emitter is R;. Show that if Ic is the collector current, 


dIc¢ te h;(R. + R;) 


ql (l+hy)Re + Re + Rs 
b. Calculate dIc/dI for hy = 50, Ry = 500, R, = 1K, and R; = 1 K. 
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c. Compare with the result if the connection between collector and base were 
eliminated. 

8-39 Verify Eq. (8-37) for the output impedance of a cathode follower. 

8-40 a. An idealized vacuum tube has characteristics given by 


Ip = Jm (vo +) 
lu 


with » = 20 and g, = 2mA/V. The tube operates in the cathode-follower circuit of 
Fig. 8-33 with Vep = 200 V, Vex = 0, Ri = 50 K, and drives a loading capacitance 
C = 200 pF. If the input grid voltage changes very slowly, what is the total range 
over which the input may swing while the tube remains within its grid base? 

b. If the input voltage changes abruptly, what is the allowable input grid swing? 

c. The input signal shown is applied between grid and ground from a source of 
impedance 5 K. Draw the output waveform, labeling all voltage levels and time con- 
stants. The grid-to-cathode resistance is rg = 1 K. Assume the pulse is wide enough 
to allow completion of the circuit response to the leading edge of the pulse. 


50V 


0 


Prob. 8-40 


8-41 In the circuit of Fig. 8-35, Vee = 15 V, R, = 1 K,R. = 2K,C = 0.1 F, 
and a germanium transistor is used with hy, = 60. If the input signal v, extends from 
10 to 4 V, draw the output waveform. Label all voltages and time constants. Assume 
the input pulse is wide enough to allow completion of the circuit response to the leading 
edge of the pulse. Use h;. = 1 K. 

8-42 Thecircuit of Fig. 8-36has Vcc = 12 V, R, = 5000, R, = 4K,C = 0.01 uF, 
and uses complementary germanium transistors each with hy. = 60. Draw the output 
waveform for the input signal shown in Fig. 8-86. Label all voltages and time con- 
stants. Assume the input pulse is wide enough to allow completion of the circuit 
response to the leading edge of the pulse. Use h;, = 1 K. 


CHAPTER 9 


9-1 Convert the following decimal numbers to binary form: (a) 671, (6) 325, and 
(c) 152. 

9-2 The parameters in the diode or circuit of Fig. 9-5 are V(O) = +12 Vv, 
V1) = —2V, R, = 6002, R = 10 K, R, = 0, R, = ~, and V, = 0.6 V. Calculate 
the two output levels if one input is excited and if (2) Ve = +12 V, (6) Ve = +10 V, 
(c) Ve = +14 V, and (d) Ve = 0 V. For which of these cases is the or function 
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satisfied (except possibly for a shift in level between input and output)? (e) Repeat 
part a if three inputs are excited. 

9-3 Consider a two-input positive-logic diode or gate (Fig. 9-5 with the diodes 
reversed) and with Ve = 0. The inputs are the square waves », and v2 indicated. 
Sketch the output waveform if the ratio of the amplitude of », to », is (a) 2 and (0) ¢. 
Assume ideal diodes (R; = 0, Ry = », and V, = 0) and R, = 0. 


OV 
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9-4 Consider two signals, a 1-kHz sine wave and a 10-kHz square wave of zero 
average value, applied to the or circuit of Fig. 9-5 with Ve = 0. Draw the output 
waveform if the sine-wave amplitude (a) exceeds the square-wave amplitude, (b) is less 
than the square-wave amplitude. 

9-5 a. Indicate how a tube that has two grids (such as the control and suppressor 
grids in a pentode), either of which may be used to effect plate-current cutoff, may be 
made to perform the or operation. Is the circuit useful for positive or negative logic 
or both? 

b. Repeat part a for the AND operation. 

9-6 Consider a two-input positive-logic diode AND circuit (Fig. 9-10b) with 
Ve = 15 V, R = 10 K, and R, = 1 K. Assume ideal diodes and neglect all capac- 
itances. A square wave »; extending from —5 to +5 V with respect to ground is 
applied simultaneously to both inputs. (a) Sketch the output »v, and calculate the 
maximum and minimum voltages with respect to ground. (6) If»; = »; and » = —», 
calculate the voltage levels of », and plot. (c) Indicate how to modify the circuit so 
that the minimum voltage is zero (ground). (d) Repeat parts a and b for the circuit 
of part c. 

9-7 Consider a two-input positive-logic diode anp circuit (Fig. 9-10b) with 
Ve = 10V, R = 10 K, and R, = 0. Assume ideal diodes and neglect capacitances. 
The input waveforms are pv, and », sketched in Prob. 9-3. Sketch the output waveform 
if the ratio of the amplitude of v: to 1 is (a) 2, (b) 1, and (c) 3. Repeat part b if 
R, = 1K. 

9-8 The binary input levels for the anp circuit shown are V(0) = 0 V and 
V(1) = 25 V. Assume ideal diodes. If », = V(0) and », = V(1), then », is to be at 
5 V. However, if », = v, = V(1), then », is to rise above 5 V. 

a. What is the maximum value of Vz which may be used? 

b. If Ve = 20 V, what is », at a coincidence [v: = ve = V(1)]? What are the 
diode currents? 

c. Repeat part bif Vz = 40 V. 
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Prob. 9-8 Prob. 9-9 


9-9 The two-input diode anp circuit shown uses diodes with R; = 5000, R, = ©, 
and V, = 0. The quiescent current in DO is 6 mA, and the currents in D1 and D2 are 
each 4 mA. 

a. Calculate the quiescent output voltage » and the values of R and R’. 

b. Calculate the output voltage when one input diode is cut off. Calculate this 
result approximately by assuming that the currents through R and the remaining 
input diode do not change. Also, calculate the result exactly. 

c. Assume that diode DO is «mitted, that the currents in Di and D2 remain 4 
mA each, and that the output », is the same as that found in part a. Find R and R’. 

d. If the conditions are as indicated in part ¢ but one of the diodes is cut off, find 
the output voltage ». Compare with the result in part b when DO acts as a clamp. 

9-10 Find », and v’ if (a) there are no pulses at either A or B, (b) there is a 30-V 
positive pulse at A or B, and (c) there are positive pulses at both A and B. (d) What 
is the minimum pulse amplitude which must be applied in order that the circuit operate 
properly? Assume ideal diodes. 


Prob. 9-10 Prob. 9-11 


9-11 The four inputs 0, %, v3, and v4 are voltages from zero-impedance sources 
whose values are either V(0) = 10 Vor V(1) = 20 V. The diodes are ideal. Vr = 25 
V, Ri = 5 K, and Rk, = 10 K. 
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a. If v; = v2 = 10 V and v3 = », = 20 V, find », and the currents in each diode. 

&. If v, = vs = 10 V and wv, = % = 20 V, find », and the currents in each diode. 

c. Sketch in block-diagram form the logic performed by this circuit. 

d. Verify that in order for the circuit to operate properly the following inequality 
must be satisfied: 


Vr — V0) 


R.> vO 


Ri 


9-12 a. In block-diagram form indicate the logic performed by the diode system 
shown. The input levels are V(0) = —8 V and V(1) = +2 V. Neglect source 
resistance and assume that the diodes are ideal. Justify your answer by calculating 
the voltages v4, vs, and v, (and indicating which diodes are conducting) under the 
following circumstances: (b) all inputs are at V(0), (c) some but not all inputs in A are 
at V(1) and all inputs in B are-at V(0), (d) all inputs in A are at V(1) and some inputs 
in Bare at V(1), and (e) allinputsareat V(1). (jf) If the 10-K resistance were increased, 
at what maximum value would the circuit no longer operate in the manner described 
above? (g) Indicate how to modify the circuit so that the output levels are —5 and 
0 V, respectively. 


Prob. 9-12 Prob. 9-13 


9-13 a. The anp circuit of an early (NORC) computer using vacuum tubes is 
indicated. Assuming ideal diodes, explain the operation of the circuit. 

b. Assume R; = 1 K for the remainder of this problem. Find the grid voltage 
and the output voltage if all inputs are low (—25 V). 

c. Repeat part 6 if all inputs are high (+10 V). 

d. Find the grid voltage if »: is high but v2 and vs are low. 

e. Find the grid voltage if »; and v2 are high but 03 is low. 

9-14 a. It is desired that when a single pulse enters a system, a pulse train con- 
sisting of four pulses should appear at the output. The spacing between the first two 
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pulses is 7, between the next two is 72, and between the last two is 73. Devise such 
a pulse-code generating system, using a tapped delay line and an or gate. 

b. Devise a multiple-pulse decoder such that when the pulse train in part a 
enters the system a single pulse is delivered at the output. Hinr: Use a tapped delay 
line and an AND gate. 

9-15 a. Verify that the circuit shown is an inverter by calculating the output 
levels corresponding to input levels of 0 and —6 V. What minimum value of hyg is 
required? Neglect junction saturation voltages and assume an ideal diode. 

b. If the reverse collector saturation current at 25°C is 5 uA, what is the maximum 
temperature at which this inverter will operate properly? 


Prob. 9-15 


9-16 The nor circuit of an early (NORC) computer using vacuum tubes is 
indicated. The binary levels are ~25 and +10 V, respectively. Verify that this 
circuit inverts the input waveform and yields an output with the levels +10 and —25 V, 
respectively. 


Prob. 9-16 
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9-17 Combine the transformer INVERTER of Fig. 9-17 with the capacitively 
coupled anp gate of Prob. 9-9 to form an aNp gate with an INHIBITOR terminal, for 
positive pulse logic. Add appropriate delay lines to ensure that the inhibit pulse begins 
earlier and lasts longer than the signal pulse. Hunt: Use two parallel diode paths with 
different delays in order to effectively ‘‘stretch” out the inhibit pulse. 

9-18 Given a train of n equally spaced pulses, the first at ¢ = 0 and the last at 
t= (n—1)T. (a) Draw a system in block-diagram form which will deliver only one 
pulse at ¢ = 0. Hunt: Use a delay line and an 1nuiBitor. (b) Repeat part a for a 
system which will deliver a single pulse at t = nT’. 

9-19 a. Verify De Morgan’s law [Eq. (9-30)] in a manner analogous to that given 
in the text in connection with the proof of Eq. (9-28). 

6. Prove Eq. (9-30) by constructing 4 truth table for each side and verifying that 
these two tables have the same outputs. 

9-20 Verify the auxiliary Boolean identities in Table 9-4 (page 329). 

9-21 Using Boolean algebra, verify 

a A+B+A+B=A 

b. AB+ AC + BC = AC + BE 
Hint: Multiply the first term on the left-hand side by C + € = 1. 

c. AB+ BC+CA = AB+ BE6+CA 

9-22 Using Boolean algebra, verify 

a. (A+ BY(B+C)\(C+ A4)=AB+BC4+CA 

b. (A+ B)(A+C) = AC + AB 

c. AB+ BC + AC = AB + BE 
Hint: A term may be multiplied by B + B = 1. 

9-23 Given two N-bit characters which are available in parallel form. Indicate, 
in block-diagram form, a system whose output is 1 if and only if al? corresponding bits 
are equal, that is, only if the two characters are equal. 

9-24 A, B, and C represent the presence of pulses. The logic statement “A or 
B and C” can have two interpretations, What are they? In block-diagram form 
draw the circuit to perform each of the two logic operations. 

9-25 A circuit has three input and one output terminals. The output is 1 if 
any two of the three inputs are 1 and is 0 for any other combination of inputs. Draw 
a block diagram of this logic circuit. 

9-26 In block-diagram form draw a circuit to perform the following logic: If 
pulses Ai, A2, and A; occur simultaneously or if pulses B, and B, occur simultaneously, 
an output pulse is delivered, provided that pulse C does not occur at the same time. 
No output is to be obtained if Ai, As, As, Bi, and B. occur simultaneously. 

9-27 A single-pole double-throw switch is to be simulated with AND, or, and 
INHIBITOR circuits. Call the two signal inputs A and B. A third input C’ receives 


Output 
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the switching instructions in the form of a code: 1 (a pulse is present) or 0 (no pulse 
exists). It is desired that C = 1 set the switch to A and C = 0 set the switch to B, 
as indicated schematically. In block-diagram form show the circuit for this switch. 

' 9-28 In block-diagram form draw a circuit which satisfies simultaneously the 
conditions a, b, and ¢ as follows: 

a. The output is excited if any pair of inputs A1, A», and A, is excited, provided 
that B is also excited. 

b. The output is 1 if any one of the inputs A1, As, or Asis 1, provided that B = 0. 

c. No output is excited if Ai, As, and A; are simultaneously excited. 

9-29 In block-diagram form sketch a 2:1 divider circuit for a train of regularly 
spaced pulses, As basic building blocks use logic gates and/or delay lines. 

9-30 a. For the illustrative NAND gate of Fig. 9-25a calculate the minimum value 
of hrz, taking junction voltages into account. 

b. What is the maximum noise voltage (superimposed upon the logic level) which 
will still permit the circuit to operate properly? Consider the following two cases: 
(1) @ complete coincidence and (2) all inputs but one in the 1 state. 

ce. What is the maximum value of the source resistance which will still permit 
proper circuit operation? Assume a 0.6-V drop across a conducting diode. 

9-31 The circuit shown uses silicon diodes and a silicon transistor. The input 
A or B is obtained from the output Y of a similar gate. (a) What are the logic levels? 
Take junction voltages into account. (6) Verify that the circuit satisfies the NAND 
operation. Assume (Arx)min = 15. (c) What is the maximum allowable value of 
Iczo? (d) Now neglect junction voltages and Icao and verify that the circuit satisfies 
the Nor operation. 


Prob. 9-31 


9-32 Verify that the logic operations or, AND, and Not may be implemented by 
using only Nor gates. 

9-33 The circuit shown uses silicon transistors. The input A or B is obtained 
from the output Y of a similar gate. Neglect Ic¢zo and the forward-biased junction 
voltages. (a) What are the logic levels? (6) Verify that the circuit satisfies Nor 
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logic. What is (hrz)min? (c) Verify that the circuit. satisfies NAND logic. (d) How 
can the circuit be modified to become a three-input NAND gate (1) for positive or (2) 
for negative logic? (e) Show how to modify the circuit so that the output, for positive 
logic, is (1) AB or (2) A+ B. 


Prob. 9-33 


9-34 What logic operation is performed by the circuit shown, which consists of 
interconnected Nor gates? 


Prob. 9-34 


9-35 a. Construct a flow chart as in Fig. 9-387 for adding 14 and 21 by means of 
two half adder-subtractors. Use arrows to indicate where each carry comes from. 

b. Repeat part a for subtracting 14 from 21. 

c. Repeat parts a and b for the numbers 5 and 11. 

9-36 Indicate in block-diagram form a half-adder which uses only nor gates. 


Hint:C = A+ BandS=A+B+4+C. (Why?) 
9-37 (a) Verify Eqs. (9-39) and (9-40) for the full binary adder. (6) Implement 
this three-input adder in block-diagram form. 


876 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS Chap. 9 


9-38 (a) Construct a truth table for a complete subtractor having three inputs 
(A, B, and the borrow P) corresponding to Fig. 9-38. The outputs are the difference 
D and the output borrow P’. (6) Write Boolean expressions for D and P’. 

9-39 A 256-position switch requires 8 binaries and 2,048 diodes. Show that the 
number of diodes can be reduced to 608 by the nonrectangular array indicated. Each 
block in the figure represents a diode matrix. How many diodes are in each block? 


16 lines 


256 lines 


4 lines 


16 lines 


4 lines 


Prob, 9-39 


9-40 Prove that an N-position code-operated switch requires N loge N diodes. 
9-41 Draw the complete diode-matrix array whereby two FLIPp-FLOPs will control 
five channels in accordance with the following truth table: 


FLIP-FLOP Output 
inputs channels 
0 0 1, 3,5 
01 2,4 
1 0 1, 2,3 
11 3, 4 


? 


9-42 a. The rTL circuit of Fig. 9-48 uses a silicon transistor with worst-case 
values of Vez(sat) = 1.0 Vand Ver(sat) = 0.5 V. The inputs to this gate are obtained 
from the outputs of similar gates. Verify that this circuit obeys the negative NAND 
operation. What is the minimum value of hrz? 

b. If hrz = 20, what is the maximum fan-out M? 

c. Assuming that if the base-to-emitter voltage goes positive the transistor cannot 
be considered cut off, find the maximum fan-in N. Neglect Icao. 

9-43 Verify that the pcTL circuit shown with the fan-in transistors in series 
satisfies the NAND operation. Assume that for the silicon transistors, Vez(sat) = 0.25 
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V and Vae(sat) = 0.7 V. Calculate the collector currents in each transistor when all 
inputs are high. The input to each base is taken from the output of a similar gate. 


15V 


v2 
ug 


Prob. 9-43 


9-44 a. The uu circuit shown in Fig. 9-52a uses a silicon transistor with worst- 
case values of Vgx(sat) = 1.0 V and Veg(sat) = 0.5 V. The voltage across any 
silicon diode (when conducting) is 0.7 V. Assume that D1 consists of two diodes in 
series. The circuit parameters are Vcc = Ves = 12 V, R = 15 K, R. = 100 K, and 
R, = 2.2 K. The inputs to this switch are obtained from the outputs of similar gates. 
Verify that the circuit functions as a positive NAND. In particular, for proper opera- 
tion, calculate the minimum value of the clamping voltage V’ and Arg. 

b. Will the circuit operate properly if D1 is (1) a single diode or (2) three diodes in 
series? 

c. Replace D1 by a 15-K resistance and repeat part a. Compare the binary 
levels in parts a and c. 

d. What is the maximum allowed fan-in, assuming that the diodes are ideal? 
What is a practical limitation on fan-in? 

9-45 a. The tun gate shown (RCA digital microcircuit 100) uses silicon devices 

with Vaz(sat) = 0.7 V, Ver(sat) = 0.3 V, V, = 0.5 V, and the drop across a conduct- 


Prob, 9-45 
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ing diode = 0.6 V. The inputs to this switch are obtained from the outputs of similar 
gates. Verify that the circuit functions as a positive NaND and calculate (hrz)min- 
Assume that the transistor is essentially cut off if the base-to-emitter voltage is at 
least 0.1 V smaller than the cutin voltage V,. 

b. Assume that the diode reverse saturation current is equal to the transistor 
reverse saturation collector current. Find (Zc20) mex: 

c. If all inputs are high, what is the magnitude of noise voltage at the input which 
will cause the gate to malfunction? 

d. Repeat part c if at least one input is low. 

9-46 A digital-to-analog converter is indicated. The resistance values R, are 
proportional to the binary numbers 2". Switches S), and S, are controlled from the 


Prob. 9-46 


relay representing the number 2" and are in position 1 if this relay is excited. The 
input V is a d-c voltage. 

a. Prove that V, is a voltage proportional to the binary number to which the relays 
are excited. 

b. What does V/ represent? 
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CHAPTER 10 


10-1 The fixed-bias binary of Fig. 10-2 has the following parameters: R, = 20 K, 
R, = 1M, Rz = 0.25 M, Vep = 200 V, and Veg = 50 V. The tube is a type 12AU7 
(Fig. D-5). Compute the stable-state voltages and currents. 

10-2 A fixed-bias binary is to be designed using a 12AT7 (Fig. D-4) tube oper- 
ating from a 300-V power supply so as to give an output swing of 200 V. Choose 
Ri = 2R2 > Ry. (a) Find Ry. (6) Over what range of values of Veg will one tube 
operate in clamp and the second tube be beyond cutoff? (c) In particular, if the grid 
bias of the orr tube is —15 V, calculate Vgg. 

10-3. The fixed-bias binary of Fig. 10-4 uses n-p-n 2N706A silicon transistors 
with hre = 20. The circuit parameters are Vec = 12 V, Van =3 V, R, = 1 K, 
RF, = 5 K, and R. = 10 K. Verify that one transistor is cut off and the other is in 
saturation and find the stable-state currents and voltages, if : 

a Vexr(sat) = 0 and V ax(sat) = 0. 

b. Vex(sat) = 0.4 V and Vae(sat) = 0.8 V. (These are the values given in the 
2N706A data sheets corresponding to the values of base and collector currents found 
in part a.) 

ec. As the ambient temperature is decreased, what is the minimum value to which 
hrg can fall and still maintain one transistor in saturation for parts a and b? 

d. As the temperature is increased, what is the maximum value to which Icso 
can increase before the condition is reached where neither transistor is cut off for parts 
a and b, respectively? 

e. What is the heaviest load in part a that the binary can drive (the minimum R 
from the collector to ground) and still have one transistor in saturation while the other 
is below cutoff? 

10-4 The fixed-bias binary of Fig. 10-4 uses p-n-p silicon transistors with worst- 
case (maximum) values of Vex(sat) = —0.5 V, Var(sat) = —1.0 V, Icro = —10 nA 
at 25°C, and zero base-to-emitter voltage at cutoff. The circuit parameters are 
Veco = Vas = 6 V, R. = 1.2 K, R, = 4,7 K, and Re = 27 K, 

a, Find (Arz)mia and verify that one transistor is orr and the other is on. Find 
the stable-state currents and voltages. 

b. If the reverse-saturation current doubles every 10°C, what is the maximum 
temperature at which one transistor will remain orF? 

10-5 For the fixed-bias germanium-transistor binary of Fig. 10-4, assume that 
junction voltages at saturation and base-to-emitter voltages at cutoff and in the active 
region may all be taken as zero. The circuit is to operate properly (one transistor OFF 
and the other on) over the temperature range —50 to +75°C and to just start mal- 
functioning at these extreme temperatures. The circuit is to be designed subject to 
the following specifications: Vcc = 4.5 V, Vas = 3.0 V, hrs = 40 at —50°C and 60 
at +75°C, Iczo = 4 uA at 25°C and doubles every 10°C, and the collector current is 
10 mA. Find R., R,, and Rp, 

10-6 Regeneration is possible in the fixed-bias transistor flip-flop if the base-to- 
base voltage gain exceeds unity. Verify that this gain condition is satisfied provided 
that h;.R. > Ri. Assume that for each stage the current gain is |Az| * hy. >> 1 and 
that the input resistance R; is small compared with either Ri or Ro. 
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10-7 a. For the fixed-bias binary of Fig. 10-4 verify that one transistor is OFF 
and the other is on if the circuit parameters satisfy the following inequalities: 


R.Vce(sat) — RiVes + RiRelcso < (Ri + Re) Vexr(cutoff) 


Ee "= — Vazr(sat) — IcaoR. — Vast V sz(sat) 
R. +R Ri 


> Vee = Ver(sat) _ Vas + Ver(sat) = tera) 
R. Rit R2 


b. Verify that the voltage swing V,, at a collector is 


= RiVec + R.Ver(sat) — RiR.I ceo 
Rit R. 


10-8 Germanium transistors with (hrz) min = 40 are used in the fixed-bias flip- 
flop with collector catching diodes (Fig. 10-6). The circuit parameters are Voc = 18 V, 
V = Vas =6V, R. = 1.5 K, Ri = 5 K, and R; = 25 K. Neglect the voltage drop 
across a forward-biased junction. 

a. Verify that if one transistor is cut off, the other is in saturation. Find the 
stable-state voltages and currents, including the currents in the two diodes. 

b. What is the heaviest load the binary can drive (the minimum FR from collector 
to ground) and still maintain the output swing in part a? 

c. If Icao = 5 wA at 20°C and doubles every 10°C, what is the maximum tem- 
perature at which one transistor will remain cut off? 

10-9 The self-biased binary of Fig. 10-7 uses. n-p-n silicon transistors having 
worst-case (maximum) values of Vce(sat) = 0.4 V, Vaz(sat) = 0.8 V, and zero base- 
to-emitter voltage for cutoff. The circuit parameters are Vcc = 20 V, R. = 4.7 K, 
R, = 30 K, R2 = 15 K, and R, = 390 Q. 

a. Find the stable-state currents and voltages. 

b. Find the minimum value of Arg required to give the values in part a. 

c. As the temperature is increased, what is the maximum value to which Jezo can 
increase before the condition is reached where neither transistor is OFF? 

10-10 The self-biased flip-flop of Fig. 10-7 uses silicon transistors whose junction 
voltages are given in Table 6-1 (page 219). The circuit parameters are (hrz)min = 30, 
Vee =6V, R, = 1 K, Ry = 91 K, R, = 20 K, and R, = 430 Q. 

a. Find the stable-state currents and voltages. 

b. Find the heaviest load that the binary can drive (the minimum # from col- 
lector to ground) and still have one transistor in saturation while the other is below 
eutoff. 

10-11 a. The self-biased binary of Fig. 10-7 uses silicon transistors with 
(hrze)min = 20. The junction saturation voltages and Ic¢so may be taken as zero. 
The circuit is to be designed subject to the following specifications: Vcc = 18 V, 
R, = R:, the maximum collector current is 10 mA, the base current of the on transistor 
is twice the minimum value required for saturation, and for the oFF transistor 
Vex = —1V. Neglecting the loading of R, and Rz on the collector circuit, find R., 
R., and Ri. 

b. Using the component values found in part @ and now taking into account the 
loading of R, and R, and the junction voltages given in Table 6-1 (page 219), evaluate 
Tc, Iz, and Vaz for the orF transistor. 


Vu wa Ve E (sat) 
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10-12 A self-biased binary using a 12AU7 tube (Fig. D-5) is indicated. Cal- 
culate the stable-state voltages if the circuit parameters are 

a. Vrep = 200 V, R, = 42 K, Ri = 270 K, R, = 100 K, and R; = 12 K. 

b. Ver = 210 V, Rp = 5.6 K, Ri = R, = 62 K, and R, = 11 K. 


? Vpp 


Prob. 10-12 


10-13 Design a self-biased binary using a 6CG7 tube (in the circuit of Prob. 
10-12) subject to the following specifications: the supply voltage is 300 V, the cathode 
voltage is 75 V, the plate swing is 100 V, and R: = 200 K. Calculate (a) Ry, (b) Rx, 
(c) the maximum value of Re, and (d) the minimum value of R:. 

10-14 a. For the tube circuit in Prob. 10-12 estimate the size of the speed-up 
capacitances C, and the maximum frequency at which each binary can be triggered. 
Assume that » = 20, r, = 10 K, and the capacitance between any two electrodes is 
4 pF. 

b. If speed-up capacitances of 50 pF are used in the transistor flip-flop of Fig. 10-4, 
estimate the maximum triggering frequency. 

10-15 The nonsaturated binary circuit of Fig. 10-12 has the following param- 
eters: Veo = 22.5 Vv, Vaz = 1.5 Vv, Vz=4 Vv, hrz = 40, R, = 5.6 K, R, = 68 K, and 
R, = 20 K. Neglect the voltage drop across a forward-biased junction. Verify that 
the transistors do not enter the saturation region. Calculate the transistor currents 
and the current in each diode. 

10-16 Consider a self-biased nonsaturated flip-flop obtained from Fig. 10-12 by 
setting Ves = 0 and by adding a common emitter resistor R, to ground as in Fig. 10-7, 
The circuit has the following parameters: Veo = 25 V, Vz = 4.3 V,hrz = 50, R, = 2.2 
K, Ri = R, = 15 K, and R, = 470 ©. Neglect the voltage drop across a forward- 
biased junction. Verify that the transistors do not enter the saturation region. Cal- 
culate the transistor currents and the current in each diode. 

10-17. In the nonsaturated binary shown, the avalanche diodes D1 and D2 are 
nominally identical, as are diodes D3 and D4. The breakdown voltage Vz of D3 and 
D4 is larger than the breakdown voltage Vz of Dl and D2. Verify that the transistors 
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do not enter the saturation region. Htnt: Assume that D3 and D4 are always in the 
breakdown region and that either D1 or D2 (depending upon the state of the flip-flop), 
but not both, is in the breakdown region. Then verify these assumptions. 


Prob. 10-17 


10-18 Consider the triggering circuits of Fig. 10-14. 

a. Which circuit, (a) or (b), has the greater triggering sensitivity, that is, will be 
triggered by the smaller pulse? 

b. Which circuit will malfunction first as the trigger amplitude is increased? 
Explain. 

c. How does the hybrid symmetrical triggering configuration shown differ from 
the circuits of Fig. 10-14? 


Trigger input 


Prob, 10-18 
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d. Show that this hybrid circuit combines the sensitivity of base triggering with 
the larger pulse-amplitude-variation possibility of collector triggering. 

e. A diode is sometimes placed across R. Indicate the polarity of this diode and 
explain why it is used. 

10-19 a. Consider the symmetrical emitter triggering circuit of Fig. 10-17 but 
with R. = 3R., Ri = 2Rs, and Veo = 6 V. Indicate all the circuit voltages in the 
quiescent state and indicate also (in parentheses) the voltages immediately after a 
5-V positive step is applied. Make the same simplifying assumptions as were made in 
connection with Fig. 10-17. Verify that shortly after the application of the step a 
transition will take place. 

b. Repeat part a for a 25-V step. What limits the maximum size of the input 
step? 

c. What limits the minimum size of the input step? 

10-20 A variation of the technique of Fig. 10-17 for triggering symmetrically with- 
out the aid of steering diodes is indicated. For simplicity we shall select R, = Ro = R 
and shall assume that these are large enough so that their loading at the tube plates 
is negligible. 

a. Verify that the voltages noted on the circuit correspond to the stable state with 
V1 on and V2 orr. ‘ 

b. A 90-V negative step is applied. Assuming that the voltages across the speed- 
up capacitors do not change, indicate (in parentheses) all voltage values immediately 
after the application of the step. Hint: Assume that both tubes are cut off and then 
verify this assumption. 

c. As the negative step at A decreases because (’ charges, verify that V2 goes on 
but V1 stays orr, so that a transition takes place. 

d, Assume that the commutating capacitors are missing, so that the dominant 
capacitances are the effective capacitances at the grids. Verify that a transition now 
will not take place when a 90-V negative step is applied. 


Negative 
step input 


Prob. 10-20 
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e. Verify that the circuit (with the speed-up capacitors present) is much more 
sensitive to a negative than to a positive step. For example, show that a 1-V negative 
step is sufficient to just take V2 out of cutoff whereas a positive step of about 50 V is 
required to bring V2 out of cutoff. 

10-21 Find the voltages and currents in the direct-coupled binary of Fig. 10-18 
if Vec = 3 Vand R, = 4K. Assume silicon transistors whose characteristics are given 
in Table 6-1 (page 219). Calculate the output swing. 

10-22 The input »v to the Schmitt trigger of Fig. 10-19 is the set of pulses shown. 
Plot v, versus time. Assume that Vi = 8V, V2 =6V, Vey = 20 V, the output swing 
is 15 V, and A2 is on at t = 0. 


Prob. 10-22 


10-23. For the illustrative example in Sec. 10-12, calculate the value of the 
resistance Rx: which will reduce the hysteresis to zero. 

10-24 A cathode-coupled binary (Fig. 10-22) uses a 6SN7 tube (Fig. D-2) and has 
the following parameters: Ver = 240 V, Rp = Roa = 20 K, Ry = 30 K, and a = 3. 
(a) Evaluate V, and Vz. (6) For an input sine wave v = 100 sin w#, plot », vem, Yxw, 
and vpy: as a function of a = wt. Put numerical values of voltage and angle on your 
graph. 

10-25 A Schmitt trigger (Fig. 10-22) uses a type 5965 tube (Fig. D-9) and has 
the following parameters: Vrp = 250 V, Ry = Rp. = 10 K, and R, = 15 K. The 
attenuator ratio @ is selected so that with v = 0, vex: = —1 V. (a) Calculate Vi 
and V2. (6) Calculate the value of Ra required to eliminate hysteresis. (c) If 
Ri = 0, calculate the value of Riz for which Va = 0. 

10-26 (a) For the silicon Schmitt circuit in the illustrative example beginning on 
page 399, find ic, and 7g; when » = Vi. Is Q1 in saturation, in the active region, or 
at cutoff? (b) Repeat part a ife = Vs (¢) If R2 is increased to 4 K, verify that 
Q2 is in saturation when Q1 is OFF. Find the values of tc2 and ¢s2. 

10-27 Consider the emitter-coupled binary of Fig. 10-24 with silicon transistors 
having hre = 20. The circuit parameters are Veo = 12 V, Ro = 4 K, Ra =3 K, 
Re = 1K, Ri = 2K, Re = 8K, and R, = 5 K. Calculate (a) Vi, (6) Ve. (c) For 
an input sine wave v = 10 sin wt, plot », v1, Yen, and ven, a8.a function of a = wt. 
Put numerical values of voltage and angle on your graph. 

10-28 Consider the Schmitt trigger of Fig. 10-24 with germanium transistors 
having hre = 40. The circuit parameters are Veco = 55 V, R. = 3.9 K, Ra = 12 K, 
Re = 2 K, R: = 39 K, Rz = 180 K, and R, = 39 K. Find (a) Vi, (6) Vs (©) Ra 
to eliminate hysteresis, (d) Rez to give Vi = 0. 

10-29 In the illustrative example of the emitter-coupled binary of Sec. 10-13, the 
value of hrs is increased by 10 percent to 33. Find the percentage change in (a) V1 
and (6) V2. Hint: Expand V (Vi or V2) in a power series in z = 1/hrz. Retain 
only the first two terms and then take the derivative with respect to hrz to obtain 
dV/V as a function of dhrz/hrs. 
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10-30 Design an  emitter-coupled binary using silicon transistors with 
(hrz)min = 80. Arbitrarily select Veco = 30 V, Ri = 24 K, and R, =6 K. It is 
required that Vi = 4.5 V, Ve = 1.5 V, that the output swing be 10 V, and that the 
output stage @2 operate in its active region. Find Ra, Ree, and R,. 


CHAPTER 11 


11-1 @. In the monostable circuit of Fig. 11-1, the resistor R is connected to an 
auxiliary supply V, instead of to Vyy. If A2 is in saturation or clamp and if A1 is 
OFF in the stable state, verify that the gate time T is given by Eq. (11-2) with Vyy 
replaced by Vj. 

6. For a tube one-shot with. V; = 0, what is 7’? Define all the terms in the 
equation, 

11-2. a. For the plate-coupled univibrator of Fig. 11-5, take the loading of R at 
the plate of P: into account. Verify that the current I piin V1 at t = 0+ is obtained 
from the intersection of the load line whose equation is 


R+2R RR 
Vie eee? ey a 
PR +R, PRE RO 


and the grid characteristic Ve. = Vy given in Eq. (11-4). 
b. Show that 7, in R, is given at ¢ = 0 by 


TpR Ver 


“RR, R+R, 


t 


c. For the example on page 411, for the case where R ~ 10R, = 200 K, calcu- 
late I1R, and compare with the value of 70 V obtained with R = o. Draw the 
waveform vp, and compare with that in Fig. 11-65. 

11-3 A plate-coupled one-shot using a 12AU7 has the following parameters: 
Ver = 300 V, Vee = 45 V, Rp = 15 K, R = 1M, C = 0.001 uF, Ri = 900 K, and 
R, = 100 K. (a) Calculate and plot the waveforms at each grid and plate to scale. 
(6) Find the width of the output pulse. 

11-4 A plate-coupled monostable multi using a 5965 tube has the following 
parameters: Vep = 250 V, R, = 25 K, R = 1 M, R: = 0.5 M, and R,2 =1M. The 
input trigger frequency is 100 Hz. Find (a) Vee so that the voltage at G, is —15 V 
in the stable state, (b) C so that the gate width is 2 msec, and (c) the overshoot at G2. 
(d) Plot to seale the waveforms at G», Pi, Ps, and G,. 

11-5 A plate-coupled univibrator has the waveform shown at G.. The supply 
voltage is 250 V andrg = 1K. (a) Draw to scale the waveform at P; and (6) evaluate 


pe 
ov 4V ov 


—<—- -10V 


~150V 
Prob, 11-5 
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11-6 A plate-coupled monostable multi using a 12AT7 tube is operated from a 
500-Hz trigger source and a 250-V supply voltage. It is desired to have a gate width 
of 1,500 psec and a swing at each plate of 150 V. Choose the voltage at G, in the stable 
state to be about 50 percent below cutoff. Find (a) R,, C, R, a = R2/(R: + R:), and 
Veo and (b) the overshoot atG2. (c) Plot to scale the waveforms at each grid and plate. 

11-7 Consider the one-shot whose parameters are given in Prob. 11-3, except that 
Vag is adjustable. For the minimum gate width, calculate (a) Vee, (6) T, (c) I a 
and the swing at P., (d) Repeat the above calculations for the maximum gate width. 

11-8 a. Verify Eq. (11-10) for the delay time T of a collector-coupled monostable 
multi as a function of Iczo. 

b. By what percentage change is T decreased as the temperature is increased from 
a value for which Icso is negligible to the temperature for which Iezo = 100 pA? 
Assume Voc = 22.5 V and R = 120 K. 

c. Indicate a method of temperature compensation using a resistor whose resist- 
ance increases with temperature. 

11-9 (a) If Vcc is large compared with the junction voltages in a collector-coupled 
one-shot, prove that the gate width is given by 


T 


T= 2 
vin + Vcc 


[2V, — Ver(sat) — Vex(sat)] 


and 


AT = 2 AV, — AVax(sat) — AVcx(sat) 
T 1.38V ec 


; Consider the following specifications: Vee = 6 V, R = 10 K, Ieso = 3 nA at 25°C 
and doubles every 10°C, V, and Vasz(sat) decrease 2 mV/°C, and Vex(sat) increases 
1mV/°C. Find the percentage decrease in T from 25 to 175°C due to the temperature 
variation of (b) the junction voltage and (c) the reverse saturation current. 
11-10 a. Inacollector-coupled monostable multi the resistor B is connected to a 
voltage source V but the collector supply is Vcc. Taking Icgo into account, prove that 
under the condition that Q1 is driven into saturation the delay time J is given by 


T=rin V + IcsoR + Vee — Vex(sat) — V, — Icsoke 
V + Icaok — Vy 


b. If junction voltages are neglected, if R > R., and if V = Vee, prove that the 
expression in part a reduces to Eq. (11-10). 

11-11 In order to reduce the recovery time in the collector-coupled one-shot, 
an avalanche diode is connected to the collector of Q1. If the Zener voltage is Vec/2, 
prove that (a) the recovery time (not the time constant) is given by 0.69(R. + rw)C 
and (b) the delay time is T = 0.41RC. 

11-12 Consider a collector-coupled n-p-n delay multi taking Iczo into account 
but neglecting the junction voltages across a saturated transistor. If Q1 is cut off 
by a base voltage Vr and Q2 is in saturation in the stable state, prove that 


RiVaa ( feast) 
a. Vr = — 1- 

Ri + R2 Ver 
BRS brakes 


= 1 —[R./(Ri + R2)]\(Vex — Icxoks)/Vee)) 
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11-13 In the quasi-stable state of a collector-coupled one-shot Q1 is to be in 
saturation. Neglecting Iso, verify that the minimum value of R is given by 


Rain — _2Vece — Vos(sat) — Vz 
R. hrelmR. + Ver(sat) ~ Veo 


where 
4 = Veo-Ve Vost+Va 
ai Rit R, R, 


11-14 A collector-coupled monostable multi using n-~p-n silicon transistors has 
the following parameters: Vec = 12 V, Ves=3V,R.=2K,2i =R, = R= 2 K, 
hrz= 30, Tor = 200 Q, and C = 1,000 pF. Neglect Teno. 

a. Calculate and plot to scale the waveshapes at each base and collector. 

b. Find the width of the output pulse. 

1-15 aA collector-coupled one-shot using p-n-p germanium transistors has 
the following parameters: Vcc = 3 V, Vaz = 9 V, R = 2.7K, R, = 2700, Ri = 1K, 
R, = 15 K, C = 0.01 uF, and hye = 25. Neglect saturation junction voltages and 
Tw. Calculate and plot the waveforms at each base and collector. 

b. Repeat part a taking junction voltages into account (page 219) and assuming 
Toy = 100 Q. 

11-16 Design a collector-coupled one-shot using n-p-n transistors. Neglect Icso 
and the voltage drops across a saturated transistor. Assume (hrx)nin = 20. In the 
stable state Q1 is orr with a base-to-emitter voltage of —1 V and Q2 is in saturation 
with a base current which is 50 percent in excess of its minimum required value. In 
the quasi-stable state Q2 is orr and Q1 is in saturation with a base current which is 
50 percent in excess of its required minimum value. The collector supply is Veco = 6 V 
and the saturated collector current is 2 mA. The delay time is 3,000 usec. Choose 
&, = Rz and find R., R, Vos, Ry, and C. 

11-17 A collector-coupled univibrator has the waveform shown at the collector 
of Ql. The base-spreading resistance of the n-p-n germanium transistors used is 200 Q. 
(a) Draw to scale the waveform at the base of Q2 and (5) evaluate R.. 


3V 3V 


06V 


0.1V 
Prob. 11-17 


11-18 Consider the one-shot whose parameters are given in Prob. 11-15b, except 
that Vz is adjustable. (a) Find the minimum value of Ves. This voltage is deter- 
mined by the fact that Q1 is orr in the stable state. (6) Find the maximum value of 
Vas. This voltage is determined by the condition that Q1 be in saturation during the 
quasi-stable state. 


888 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS ; Chap. 11 


11-19 a. A collector-coupled monostable ‘multi has the following parameters: 
Veo = 12V,R, = 2K, Ri = Rp = R = 20K, hee = 20, ty = 200 2, and C = 1,000 pF. 
Neglect forward-biased junction voltages and Icso. In the quasi-stable state Q1 is to 
be in its active region with a collector current of 4 mA. Find V zz. 

b. Calculate and plot the waveforms at each base and collector. Norn: Since 
Q1 is not in saturation, the waveshapes will be somewhat different from those indi- 
cated in Fig. 11-10. In particular, vc: will not be constant in the quasi-stable state 
because the output impedance at the collector of Q1 is now approximately 2 K rather 
than zero. 

c. Calculate the width T of the gate. Nore: Equation (11-9) is not valid. 

d. Why is a one-shot usually designed so that Q1 saturates in the quasi-stable 
state? 

11-20. a. If the current Iz in F in Fig. 11-12 is taken into account in the derivation 
of the saturation base current I’, show that Eq. (11-16) remains valid if row is multiplied 
by 1+ 4, where k = Ir/I5. 

b. Usually R > R,. However, even if R = R,, show that (subject to the reasona- 
ble approximations that R, > rw and that the saturation junction voltages are small 
compared with Vcc) k = 1 and hence Eq. (11-16) is valid. 

c. For the illustrative problem on page 420 evaluate I. Urner: To calculate Iz 
use the approximate value of Veg. : 

11-21 A diode D is added in series with the base of Q2 of a collector-coupled 
one-shot in order to prevent base-to-emitter breakdown during the quasi-stable state. 
(a) Verify that the delay T is given by Eq. (11-8) with the diode voltage Vp subtracted 
from both the numerator and the denominator. (6) What is the recovery time con- 
stant 7/? : 

11-22 The circuit shown is the direct-connected transistor monostable multi 
corresponding to the pcru binary of Sec. 10-10. (a) Sketch the waveforms at both 
bases and collectors and label the voltages with symbols as in Fig. 11-10. (6) Find an 
expression for the delay T. (c) What are the advantages and disadvantages of this 
circuit over the circuit in Fig. 11-9? 


9 Veo 


Prob, 11-22 


11-23 The emitter-coupled monostable multi of Fig. 11-13 has the following 
parameters: Vec = 6V, Ra = Ree = R, = 3K,R = 50K, V =2.8V,andC = 0.01 uF. 
Silicon n-p-n transistors with hrz = 50 and ry = 100 Q are used. A trigger is applied 
att = 0. 


| 
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a. Assume that Q1 is orr and Q2 is on at = 0—. Calculate the node voltages 
(the voltages with respect to ground at each collector base and emitter). Using your 
calculated values verify that Q1 is indeed orr and Q2 is in saturation. 

b. Assume that Q1 is in the active region and Q2 is orF at f= 0+. Calculate 
the node voltages and verify that Q1 is indeed in the active region and Q2 is oFr. 

c. Calculate the node voltages at t = T—. 

d. Calculate the node voltages at t = T+. 

11-24 Design an emitter-coupled one-shot using n-p-n silicon transistors with 
hrz = 20 to meet the following specifications: Vec = 12 V, the swing at the collector 
of Q2 is 5 V, the saturation collector current of Q2 is 10 mA, the base current of Q2 is 
50 percent more than needed for saturation, the bias V is chosen midway between 
Vnin ANd Vinax, and the gate width is 1,000 usec. Arbitrarily choose Ra = Ry. Cal- 
culate (a) Rea, (b) Re, (c) R, and (d) C. (e) What is the swing at the collector of Q1? 

11-25 The emitter-coupled monostable circuit of Fig. 11-13 uses p-n-p transistors 
with hrz = 40. Neglect the voltage of a forward-biased junction and assume ry = 0. 
The circuit parameters are Veo = 12 V, Ra = 3.6 K, Reo = 2.2 K, R. = 1 K, and 
FR = 68K. The bias V is adjusted to be midway between Vi, and Vinox. A trigger is 
applied at t = 0. Calculate all the voltage levels and plot the waveforms correspond- 
ing to those in Fig. 11-14. 

11-26 Verify Eq. (11-55) for Vinin- 

11-27 For the circuit of Prob. 11-23 find (a) Vinax, (6) Vinin and (c) an equation 
for T as a function of V. (a) For a maximum gate width of 150 usec, what is C? (e) 
From part c find V for T = 0. ‘ 

11-28 If T = 0, show from Eq. (11-58) that View: = (Vew1)min and hence that 
Ve= Vnin- 

11-29 The relationship between an independent variable xz and a dependent 
variable y is quadratic and of the form y = Az(1 — Bx), with x variable from 0 to 
Im. A straight line is drawn between the end points of this curve. The fractional 
error e is defined as the difference between the curve and the straight line divided by 
the maximum value of the dependent variable. Show that the maximum error Ca 
occurs at x = 2,,/2 and is given by eg = }Brm. 

11-30 a. For the cathode-coupled monostable multi of Fig. 11-19, the grid current 
is Ig, and the plate current is Ii at t= T+. Assume zero grid current at 


Prob, 11-30 
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t = T— and let I, equal the plate current in V2 corresponding to Vox2 = Oatt = T-. 
If Al, = Ii — I, show that the equivalent circuit from which to calculate Ij. and J; is 
as indicated. From this circuit verify Eqs. (11-67) and (11-68). 

b. Equate the abrupt change in voltage at £ = T at P; with that at G:. Why? 
Prove that this equation may be put into the form 


To(Rp tra + 1+ y)Rid = (Rp + Re) — Re + Vie 


c. Verify that the minimum current in V1 required to drive V2 orr at t = 0+ is 
given by Eq. (11-70). 

d. By combining Eq. (11-70) with the equation in part 6, verify Eq. (11-67). 

11-31 a. Verify Eq. (11-73) for the delay T of a cathode-coupled monostable 
multi. 

b. Prove that 7 may be put into the form 


14+. — 1.)Rp:/V' 
1— (I, — 1)R,/V' 


T =rln 


where I, is defined in Eq. (11-70) and where 


y’ = Vopp = IR: —= Vue 


c. By expanding 7’ in a power series [In (1 + 2) =2+2°/2+ °° °] show that 
T RatR Ry — Ri 
fe et Mr 7) | 1 — ee (To 
S v (i | ov" i | 


d. Note that T = 0 at I, = J, where V = V,;, and that T varies approximately 
linearly with I,. Using Eq. (11-66) find the linearity error at the current correspond- 
ing to Vinx in the example on page 434. 

11-32 a. In a cathode-coupled one-shot prove that it is possible for Vuia to be 
negative. 

b. If a 6CG7 tube is used with Vpp = 300 V and Ry, = Ry. = 30 K, find R, so 
that Vinin = 0. : 

11-33 A monostable cathode-coupled multi uses a 6CG7 tube with Vep = 250 V 
and Ry = Rp. = Ry = 10K. Assume that p = 20,7, = 7 K, andre = 1 K. (a) 
Find Vmi,and Vinx. (0) Find the voltage swings at each plate, for both maximum and 
minimum gate widths. (c) Plot to scale the plate, grid, and cathode waveforms for the 
maximum gate width. 

11-34 A cathode-coupled univibrator using a 5965 with Rp: = Ry: = Ry and 
Vpp = 250 V is triggered at the rate of 500 Hz. It is desired that the swing at P: be 
75 V. The waveforms are to have very little overshoot and are to be symmetrical 
(the orr time to equal the on time). Assume uw = 40, rp = 7 K, and re = 250 Q. 
Find reasonable values for (a) Ri, (b) V, (c) C, and (d) R. (e) If V = 1.1 Vnin, cal- 
culate and plot to scale the waveforms at the plates, at the cathode, and at the grid 
of V2. 

11-35 a. The resistor R in a cathode-coupled monostable multi is coupled to an 
auxiliary voltage U instead of Vpp. The voltage U is small enough so that. V2 is not in 


, 
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clamp but V1 is below cutoff. Prove that the delay is given by 


T = In TiRy 
T uv Vy2 = Rk, 


b. For what values of the bias voltage V (with respect to ground) on the grid of V1 
will this circuit, become astable? 

11-36 Consider a collector-coupled astable multi using p-n-p transistors. The 
circuit and device parameters are Veco = 15 V, R. = 3 K, R, = 40 K, R, = 20 K, 
hrz = 30, rx = 0, Iczo = 0, and all forward-biased junction voltages may be 
neglected. 

a. Calculate and plot to scale the waveforms at the base and collector of one 
transistor. 

b. If the multi is to oscillate at a frequency of 5 kHz, what is the value of the 
coupling capacitance? (Assume that C1 = C2.) 

11-37 Consider a symmetrical collector-coupled astable multi using n-p-n 
silicon transistors. The circuit and device parameters are Veo = 6 V, R, = 560 Q, 
R = 5.6 K, C = 50 pF, hrz = 40, and my, = 2002. Calculate (a) the waveforms at 
the base and collector of one transistor and plot to scale, (b) the frequency of oscilla- 
tion, and (c) the recovery time (the 10 to 90 percent time). 

11-38 Verify Eq. (11-78) for the period 7 of an astable transistor multi using two 
supply voltages. 

11-39 a, The free-running transistor multi shown cannot block. Discuss this 
circuit and explain why it is impossible for both transistors to remain in saturation 
simultaneously. 

b. Verify that the period of oscillation is given by 


T = 2RC In 2 


if all forward-biased junction voltages are neglected and if R, < R. 


Prob, 11-39 
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11-40 For the free-running plate-coupled multi with R, and Re returned 
to a supply U instead of Vere, prove that Eq. (11-82) for T is valid provided 
that U replaces Vpp. 

11-41 A 12AU7 astable multivibrator has the waveform shown at one of its 
plates. ‘The voltages given are the voltages with respect to ground. Find the value 
of the plate-circuit resistances of the tubes. Draw the waveform at the grid, and mark 
the voltage with respect to ground at every important point on the waveform, for 
example, flat portions, sudden jumps, etc. 


250 V 


ie 125 V 
100V_} 


—~—60V 
Prob. 11-41 


11-42 A symmetrical astable plate-coupled multi using a 6CG7 has the following 
parameters: Vpp = 150 V, R, = 10 K, R = 1 M, and C = 0.001 uF. Calculate the 
period and the overshoots, and plot the plate and grid waveforms. 

11-43 Calculate the frequency of the multi of Prob. 11-42 as Ver is adjusted 
from 50 to 250 V in 50-V steps. 

11-44 An astable plate-coupled multi using a 12AT7 has the following parameters: 
Vop = 240 V, Ra = Ro = 12 K, Ri = 1M, 22 = 2M,Ci = Co. = 0.001 uF. Calcu- 
late the gate widths 7; and 7, and the overshoots. Plot the plate and grid waveforms. 

11-45 In the circuit of Fig. 11-31, Vec = 40 V, Ro = Ri «R", C = 0.2 uF, 
Rez = 300 2, R'=3 K, R” =2 K, and Rea = Re = 5 K. Germanium n-p-n 
transistors with hrz = 60 are used. 

a. Calculate all the voltage levels of the waveforms generated. 

b. Calculate the frequency of oscillation. 

c. Verify that Q2 goes into its active region and Q1 saturates. 


CHAPTER 12 


12-1 a. A tunnel diode has the idealized piecewise linear characteristic shown, 
with Ip = 10Iv, Vv = 7Vp, and Vr = 8.5Vpr. Reproduce the characteristic on graph 
paper and deduce, by graphical means, the resultant volt-ampere characteristic of two 
such diodes in series. Hznt: The current is the same in the two diodes, whereas the 
composite voltage is the sum of the two individual tunnel-diode voltages. Note that 
the composite characteristic will display more than onz peak and more than one valley. 

b. Repeat part a if the diodes are placed in parallel. 
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Prob. 12-1 


12-2 a. Two tunnel diodes have the idealized form given in Prob. 12-1. How- 
ever, the diodes have different peak currents Ip, and Ipz. Find graphically the com- 
posite volt-ampere characteristic which results if the diodes are placed in series. 
Assume Ip, = 0.8] p1. 

b. Generalize the result of part a if n diodes are operated i in series. 

12-3 Two tunnel diodes with characteristics as given in Prob. 12-1 are operated i in 
series opposing. Find graphically the composite volt-ampere characteristic. Assume 
that in the reverse direction the characteristic continues, as shown, to be a straight line 
passing through the origin. 

12-4 A resistance R = 2V,/I? is placed in series with a tunnel diode whose volt- 
ampere characteristic is given in Prob. 12-1. Draw a plot of the volt-ampere charac- 
teristic of the combination. 

12-5, The composite characteristic for the tunnel-diode pair shown is a plot of 7 
{the resistor current) versus 1. Note that ». = 2Vs —v;. (a) Plot the composite 
curve if each tunnel diode has the ‘volt-ampere characteristic given in Prob. 12- 1, with 
Vp = 0.1 V, Ip = 5 mA, and Vs = 0.4 V. (b) Draw a load line on the composite 
characteristic and find the current in each diode and the voltage across each diode. 
(c) Find V5 if the current in one tunnel diode is to be zero. (d) Repeat parts a and b 
if Vs = 0.5 V. (e) Repeat parts a and bif Vs = 0.2 V. 


Prob. 12-5 
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12-6 A germanium tunnel diode has the characteristic shown, with Ip = 10 mA, 
Ivy = 1.0 mA, Vp = 50 mV, Vy = 350 mV, and Vy = 475 mV. A resistor R is placed 
in parallel with the tunnel diode and this combination is called a tunnel resistor. Find 
the value of the resistance R so that the tunnel-resistor volt-ampere characteristic 
exhibits no negative-resistance region. Plot this composite characteristic. 


Prob. 12-6 


12-7 A backward diode has the volt-ampere characteristic given in Prob. 12-6 
except that Ip = 1.0 mA. This backward diode is placed in series with the tunnel 
diode. Sketch the resultant volt-ampere characteristic if the diodes are in series (a) 
aiding and (b) opposing. Consider both positive and negative voltages. | 

12-8 A germanium p-n diode may be represented by a piecewise linear charac- 
teristic (Fig. 7-3) with V, = 0.2 V, Ry = 100, and R, = &. This diode is placed in 
series with the tunnel diode whose characteristic is plotted in Prob. 12-6. Sketch the 
resultant volt-ampere characteristic if the diodes are (a) aiding and (6) opposing. 
Consider both positive and negative voltages. 

12-9 a. Use the Ebers-Moll equations, Eqs. (6-30) and (6-31), to show that when 
the collector junction of a transistor is substantially reverse-biased (\V.| >> nVr) the 
base current is related to the emitter-junction voltage by 


In = Tro(1 — on) (eveinve — 1) + Teo(ar — 1) 1) 
1 — aver 1 — nay 


b. A germanium tunnel diode has the characteristic shown in Prob. 12-6. The 
diode is combined as shown with a germanium transistor for which ay = 0.98, a; = 0.7, 
and Ico = 2.0 wA. Draw the volt-ampere characteristic of the input terminals of 
this hybrid circuit. 


Chap. 12 PROBLEMS / 895 


Prob. 12-9 


12-10 The tunnel diode D1 has the volt-ampere characteristic described in Prob. 
12-6. The germanium diode D2 obeys Eq. (6-1) and has a reverse saturation current 
I, =1 uA. The silicon transistor has the input characteristic given in Prob. 12-9a, 
with av = 0.98, ar = 0.7, Ico = 2 nA, and 7 = 2. Draw the volt-ampere character- 
istic at the input-at room temperature. 


Prob. 12-10 


12-11 a. It is desired to combine a tunnel diode and a transistor in such manner 
that there results a composite device with a tunnel-diode type of characteristic but 
with the current scale divided by the factor hy +1. Show how this may be done 
and draw qualitatively the resultant characteristic. 

b. Repeat part a for the case where it is desired to multiply the scale factor by 
hy +1. 

12-12. a. A resistor Rz is added in series with B2 of a unijunction transistor. If 
Rz « Raz, show that the peak voltage is given approximately by ; 


n Vash, 


BB 


Vp Vy + nV aes = 


&. The measured value of the temperature coefficient of Ras is +0.008/°C and of 
R2 is +0.004/°C (for a wire-wound resistor). Neglect the temperature coefficient of 7 
and take that of V,as —2mV/°C. Show that if R, is chosen at room temperature 
to be approximately 


R, ~ VrRes 
nV ee 


then Vp = 7V ez independently of the temperature. 
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c. Find R. for V, = 0.6 V, 7 = 0.5, Vaz = 20 V, and Ras = 5 K. 

d, Let a small resistance R, (Ri « Ras) be added in series with B1. Show that 
Vp will continue to be insensitive to the temperature provided that the resistance 2 
calculated in part b is increased by the amount (1 — 7)R./n. 

12-13 a. For the unijunction transistor circuit of Fig. 12-5b plot the input volt- 
ampere characteristic, that is, Zz as a function of Vez. The transistor is a type 2N494 
(Fig. 12-7) operating with Ves = 30 V and Rs = 1 K. 

b. What is the minimum value of Rx for which the volt-ampere characteristic in 
part a will not exhibit a region of negative resistance? 

c. For Vse = 20 V, Vez = 17 V, and Rz = 2 K, what is Vz? 

12-14 This problem illustrates the rate effect in a p-n-p-n diode. 

a. Assume that in the positive-resistance region, before breakdown, the diode 
may be represented as shown by two forward-biased diodes and a resistor R shunted 
by a capacitor. The resistor represents the center reverse-biased junction and C' the 
capacitor across it. A ramp voltage v(é) of slope a = dv/dt is applied beginning at 
t= 0. Assuming ideal forward-biased outer diodes, calculate the current ¢(¢) in terms 
of v(t), C, and R. 

b. A p-n-p-n diode has the volt-ampere characteristic shown and has C = 25 pF. 
A ramp for which a = 5 V/usec is applied. On the p-n-p-n characteristic show the 
path followed by the diode and on the path mark off 1-ysec intervals. Assume that 
when this dynamic path intersects the negative-resistance portion of the static charac- 
teristic the diode will break down. Find the voltage at which the diode breaks down 
and the time at which it breaks down. 

c. Repeat part b for a = 20 V/usec. 

d. What is the path when a is very small? 


(a) (b) 
Prob. 12-14 


12-15 The SCR is used to control the power delivered to the 50-2 load by the 
sinusoidal source. If the gate supply Vao is adjustable, (2) over what range may the 
conduction angle of the SCR be continuously varied? (6) Over what range may the 
load d-c current be continuously varied if the frequency is 60 Hz? 
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Load 
100 sin wt C) (x) Ro 


Vee 


Prob. 12-15 


CHAPTER 13 


13-1 The device whose current 7 and voltage » are as defined in the figure has a 
linear volt-ampere characteristic of arbitrary slope and arbitrary intercepts with the 
current and voltage axes. 

a. Show that, if the terminals of the device are left open-circuited, the equilibrium 
point of the circuit is located at the intersection of the characteristic with the voltage 
axis. Show that, if the slope of the characteristic is positive, this equilibrium point is 
stable against the perturbations which are possible when a capacitor is placed across 
the device terminals. Hint: i = —C dv/dt. 

b. Show that, if the terminals of the device are shorted, the equilibrium point of 
the circuit is located at the intersection of the characteristic with the current axis. 
Show that, if the slope of the characteristic is positive, this equilibrium point is stable 
against the perturbations which are possible when an inductor is substituted for the 
short circuit. Hint: » = —L di/dt. 

c. Show that if the slope of the characteristic is negative, the equilibrium points in 
parts a and b are unstable against perturbations. 


e 


Prob. 13-1 Prob. 13-2 


13-2 An nr device has the characteristic shown, with the resistance negative in 
all ranges of operation. A capacitor is charged to the voltage at A and connected to 
the device. Describe qualitatively the subsequent behavior of the circuit ; that is, 
indicate the path taken by the operating point. Repeat for each of the cases B through 
G. Hint: 1 = —C do/dt. 
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13-3. An wR device whose characteristic is shown is combined with R and I as 
indicated. Draw the composite characteristic (¢7 versus vr) for (a) I = 0, R = 10 K; 
(6) 1 =0,R =1K;(c) 1 =0, RF = 5000; d) 1 =2.5mA,R = 2K, 


Prob. 13-3 


13-4 An wr device whose characteristic is shown is combined with R and V as 
indicated. Draw the composite characteristic (¢r versus v7) for (a) V = 0, R = 100 Q; 
(b) V =0,R =1K; (c) V = 0, R = 2 K; (a) V=5V,R = 5000. 


ip =i R V 
=I ar 
| 
vr B | 
vu, V 3 
(b) 


Prob. 13-4 


13-5 (a) An wr device is placed across a series combination of V and R as shown. 
The nr characteristic is of the current-controlled type shown in Fig. 13-1b. An appro- 
priate load line for V and R is drawn and the equilibrium point for monostable operation 
is located. Next, a composite characteristic (¢r versus vr) is constructed. Show that 
the equilibrium point previously identified at the intersection of the load line and nr 
characteristic is the same as the point located by the intersection of the composite char- 
acteristic with the voltage axis. A capacitor is placed across the device terminals. 
Apply the stability criterion given in Prob. 13-1 to the composite characteristic and 
show that it leads to the same results as given by Eq. (13-4). Repeat for load lines 
corresponding to (b) bistable and (c) astable operation. 
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i ip=i 
T R 


Prob. 13-5 Prob. 13-6 


13-6 (a) A source V and a resistor R are combined in series with an NR device as 
shown. The nr characteristic is of the voltage-controlled type shown in Fig. 13-1a. 
An appropriate load line for V and R is drawn corresponding to the input terminals 
being shorted, and an equilibrium point is located for monostable operation. Next, a 
composite characteristic (¢r versus vr) is constructed. Show that the equilibrium 
point previously identified at the intersection of the load line and the nr characteristic 
is the same as the point located by the intersection of the composite characteristic with 
the current axis. An inductor is connected across the terminals of the composite 
circuit. Apply the stability criterion given in Prob. 13-1 to the composite character- 
istic and show that it leads to the same results as given by Eq. (13-8). Repeat for load 
lines corresponding to (6) bistable and (c) astable operation. 

13-7, At ¢ = 0, a capacitance C = 1,000 pF charged to +1 V is placed across the 
terminals of a device whose volt-ampere characteristic is as shown. (a) Show the 
path of operation of the circuit, i.e., the locus of corresponding points v and 7. (b) 
Write the expressions for v and 7 as a function of time. (c) At what time will the 
capacitor voltage be 10 V? 


1, mA 


Xe _ 


Prob, 13-7 Prob. 13-8 


13-8 An inductance L = 100 mH is placed across the terminals of an nr device 
which has the volt-ampere characteristic shown. Plot the waveforms of » and i, 
indicating all voltage and current levels and times of interest. Hint: » = —L di/dd. 
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13-9 a. An NR device has the characteristic shown. An uncharged capacitor of 
capacitance C = 2,000 pF is placed across the terminals of the Nr device at ¢ = 0. 
Plot the waveform of v and of i, indicating all current and voltage levels and times of 
interest. Hint: 1 = —C dv/dt. 

b. A resistance R = 1 K is placed in series with the capacitor before connection to 
the circuit. Plot the current 7 and the voltages across C, across R, and at the terminals 
of the nr device. Hunt: First obtain the composite characteristic of R in series with 
the nr device. 


1,mA 


v,V 


Prob. 13-9 Prob. 13-10 


13-10 A capacitance C = 1,000 pF is placed across the terminals of an nr device 
with a characteristic as shown. Draw the current and voltage steady-state waveforms. 
Calculate all voltage and current levels and all times of interest. 

13-11 An inductance L = 100 mH is placed across the terminals of an NR device 
with a characteristic as shown. Draw the current and voltage steady-state waveforms. 
Calculate all voltage and current levels and all times of interest. 


vt 


v,V 


! 
] 
| 
\ 
i 
\ 
| 
| 
_ 


0 10 15 f, usec 


Prob. 13-11 Prob. 13-12 
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13-12 a, A capacitance C = 1,000 pF is placed across the terminals of an NR 
device, and the voltage waveform which develops across the capacitor is linear as 
shown. The voltage makes excursions between 5 and 15 VY. Draw the volt-ampere 
characteristic of the device. 

b. An inductance L = 10 mH is placed across the terminals of an nr device, and 
the inductor current waveform which develops is linear as shown. The current makes 
excursions between 5 and 15 mA. Draw the volt-ampere characteristic of the device. 

13-13 a. An Nr device has the volt-ampere characteristic shown. The device is 
connected through a resistance R = 250 Q to a source of voltage V. What are the 
ranges of V for which one stable state exists if C = 1,000 pF is placed across the NR 
device? What is the range of V for which three stable states exist? 

b. What is the minimum value of R for which an unstable equilibrium state is 
possible? Assume R selected to be twice as large as this minimum value. What is 
the range of V for which an unstable state is possible? 


Prob. 13-13 Prob. 13-14 


13-14 The nr device has the volt-ampere characteristic shown in Prob. 13-18. 

a. Find the initial operating point of the circuit, assuming », = 0. 

b. The triggering signal v, is a positive step of amplitude 7 V applied at ¢ = 0. 
Calculate », 7, tc, and tz as functions of time before a transition takes place. 

c. At what time does a transition take place? 

d, Find », 7, tc, and tr immediately after the transition. 

e. Calculate », 7, tc, and tz as functions of time after the transition. 

f. What is the final equilibrium state? How long a time, after the transition has 
occurred, will be required for the capacitor to arrive to within 0.1 V of its final state? 

13-15 Consider the operation of the circuit of Prob..13-14 for the reverse transi- 
tion. That is, assume that v, has remained at », = 7 V long enough to allow the circuit 
to establish itself in its stable state. (a) What is this steady state? (b) Let v, return 
tov. =O V. Calculate », 2, tc, and tz as a function of time before a transition takes 
place. Answer parts ¢ through f of Prob. 13-14. 

13-16 Assume, in Prob. 13-14, that the signal », is a pulse of amplitude 7 V but of 
duration just adequate to cause a transition. Draw the waveform » and calculate all 
voltage levels and all times of interest. 

13-17. An nr device with the volt-ampere characteristic as in Prob. 13-13 is con- 
nected to a 16-V source through a 4-K resistance. A capacitance C = 0.01 uF is con- 
nected across the NR device. Draw the waveform v and calculate all voltage levels and 
times of interest. 
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13-18 A tunnel diode with the idealized characteristic shown operates in the cir- 
cuit of Fig. 13-9a with V = 100 mV, R = 15 Q, and L = 250 4H. The source », pro- 
vides a trigger of amplitude 0.5 V and of duration just long enough to induce a transi- 
tion. Draw the waveforms of diode current and voltage. Calculate all current and 
voltage levels and all times and time constants of interest. 


50 100 150 200 250 300 350 400 450 500 


Prob, 13-18 


13-19 In the monostable circuit of Fig. 13-13, the tunnel diode has the following 
parameters: Jp = 20 mA, Jy = 2.4mA, Vp = 85 mV, Vy = 365 mV, and Vr = 560 mV. 
(a) Plot the piecewise linear approximation for the tunnei-diode characteristic on 
graph paper. Draw the load line and show that monostable operation is possible. 
(b) Calculate the pulse width 7 obtained when a trigger is applied. (c) Assuming a 
recovery time of two time constants, calculate the maximum frequency at which the 
circuit may be triggered. : 

13-20 A tunnel diode with an idealized characteristic as shown in Prob, 13-18 
operates in the circuit of Fig. 13-92 with V = 150 mV, R = 8 Q, and L = 250 wH. 
Draw the waveforms of diode current and voltage. Calculate all voltage and current 
levels and times of interest. 

13-21 Verify Eq. (13-17) for the interval 7. of the free-running tunnel-diode 
circuit. 

13-22 A tunnel diode with shunt capacitance C’ and with the idealized charac- 
teristic as shown is used in the circuit of Fig. 13-9a. The source V and load R are 
selected so that the load line just touches the peak of the characteristic. A negligibly 
small trigger v, causes a transition from »v = Vp tov = Vr. 

a. Assume that the inductance L is large enough so that no appreciable change in 
current through it takes place during the course of the transition. What is the path 
taken by the circuit during the transition? Calculate the transition time t,. 

b. Assume that the inductor has been removed. What is the path taken by the 
circuit in going from Vp to Vr? Prove that the transition time ¢/ is given by 

1 C(Vr — Vp) 


pe See Tene 


Ip — Ix Ix 


Chap. 13 PROBLEMS / 903 


c. Calculate the ratio ¢;/t, for Ixy = Ip/5. 

d. Find t, and t if Vr = 0.5 V, Ve = 0.1 V, C = 5 pF, and Ip = 5 mA. 

e. Calculate the value of inductance in part a which will cause the sum of the 
transition and settling times to equal é, in part b. 


Prob. 13-22 Prob. 13-23 


13-23 A tunnel diode with the idealized characteristic as shown operates in the 
circuit of Fig. 13-92 with V = 6 V, R = 2 K, and L = 0. Initially the diode is in its 
low-voltage state. The signal », is a 10-V step. The shunt capacitance across the 
diode is 10 pF. (a) What is the path followed by the operating point on the volt- 
ampere characteristic and what is the high-voltage state? (b) Calculate the time 
required for the voltage across the diode to rise from 0.1 to 0.5 V. 

13-24 A tunnel diode with the idealized characteristic shown in Prob. 13-23 
operates in the circuit of Fig. 13-9a with V = 0.25 V, R = 0, and v, = 0. What is 
the value of L required in order that the circuit yield 1-MHz oscillations? Plot the 
voltage and current waveforms for the tunnel diode. 

13-25 The tunnel-dicde and the transistor volt-ampere characteristics are as 
shown. Find the stable states of the hybrid circuit arrangement. In each state, find 
the diode current, the transistor base and collector currents, and the collector voltage. 
Assume that hee = 100. 


4.7K 


4702 


Prob. 13-25 
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13-26 Explain how the hybrid circuit arrangement operates to generate an output 
waveform v, which is a square wave. Assume that the composite input characteristic 
is as shown and that the transistor remains in saturation [with Vcx(sat) = 0.1 V] so 
long as the diode operates to the right of the valley point. Calculate the times 7, 
and T}. 


(b) 
Prob. 13-26 


13-27. The p-n-p-n diodes have idealized volt-ampere characteristics as shown. 
Show that the circuit is astable.. Draw the waveforms of the voltages across each 
diode. Calculate the voltage levels and the period of oscillation. 


Prob. 13-27 


13-28 The p-n-p-n diodes have the idealized characteristics shown in Prob. 13-27. 
Show that the circuit is monostable. What size triggering signal is required to induce 
a transition? Draw the waveforms of the voltages across the diodes and label all 
voltage levels. Calculate the time of the quasi-stable state. 
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Prob. 13-28 Prob. 13-29 


13-29 a. Verify that the circuit shown is monostable when triggered by an input 
pulse »; and sketch the waveform vc = vz across the emitter capacitor. 

b. Calculate the voltage levels and the important times associated with vce. Neg- 
lect the drop in the diode D. The UJT characteristics are given in Fig. 12-7. 

c. What is the minimum pulse amplitude required? 

13-30 The circuit of Fig. 13-23 uses a UJT whose characteristics are given in 
Fig. 12-7. The circuit parameters are Vsg = 20 V, Ri = 4K, Rz = 10 K, Rye = 2K, 
and C = 0.01 uF. Assume the diode is ideal, with its break point at 0 V. Calculate 
the voltage levels of waveforms vc, vz, and vse. Calculate all times of interest. 

13-31 Show that if, in the circuit of Prob. 13-30, Re had been selected as 
R, = 4 K, the circuit would be monostable. For this case, if a trigger is applied, 
calculate the voltage levels of the waveforms tc, vz, and vge. Calculate all times of 
interest. 

13-32 Verify Eqs. (13-24) and (13-25) for the times involved in the UJT circuit 
of Fig. 13-23. 

13-33 For the bistable UJT circuit verify that the minimum trigger size required 
at Blis (Vp — Vaz)/(1 — 7). 

13-34 Explain the operation of the astable UJT multivibrator shown. Draw the 
waveforms and calculate the voltage levels of vz, v, and vax. Calculate all times of 


025 V 


Prob. 13-34 
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interest. The UJT characteristics are given in Fig. 12-7. Hint: The UJT is on 
when the diode is orf, and vice versa. 

13-35 The monostable trigistor circuit shown establishes a timing interval and 
generates a rectangular waveform across the trigistor. In the quiescent state the 
trigistor is on and has a maintaining voltage of 1 V. Describe the operation of the 
circuit from the time when a negative input pulse turns orF the trigistor. Calculate 
the waveforms across C, across the trigistor, and at the gate terminal. Calculate also 
the timing interval. The diode Dz has a maintaining voltage of 5 V, and D1 is ideal 
with a break at 0 V. Assume that the negative bias at the gate is just adequate to 
keep the trigistor orr when diode D1 is not conducting. Hunt: Diode D1 is orr in the 
quiescent state. 


Prob. 13-35 


13-36 In the avalanche transistor circuit of Fig. 13-28, Vee = 60 V, Rr = 50 Q, 
C = 10pF, and LVcer = 40 V. The transistor completes its transition from orF to ON 
in 1 nsec. Find the amplitude and width (at half peak) of the output pulse. 


CHAPTER 14 


14-1 If the deviation from linearity is small enough so that a sweep voltage may 
be approximated by the sum of a linear and quadratic term in ¢, show that the sweep 
errors éq, és, and ¢, are related as given by Eq. (14-4). 

14-2 a. An exponential sweep results when a capacitor C is charged from a supply 
voltage V through a resistor R. If the peak sweep voltage is V,, prove that the slope 
error is given exactly by e, = V,/V. 

b. To the circuit of part a is added a resistor Ri shunted across C. Show that the 
slope error is now given by e, = V;/aV, where a = Ri/(Ri + R). 

14-3 In the UJT sweep circuit of Fig. 14-62, Vaz = 20 V, Vvy = 50V, R = 5K, 
Rn = Ry = 0, and C = 0.01 uF. The UJT has characteristics as given in Fig. 12-7. 
Calculate (a) the amplitude of the sweep signal vc, (b) the slope and displacement 
errors, (c) the time of the sweep, and (d) the estimated recovery time using Eq. (13-21). 

14-4 a, Design a sweep circuit as in Fig. 14-6a using the UJT characteristics of 
Fig. 12-7. Set Ri: = Rez = 0. The sweep amplitude is to be 10 V, the sweep dura- 
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tion is to be 1 msec, and the sweep-speed error is to be 10 percent. Specify reasonable 
values for Vas, Vry, R, and C, and give reasons for your choices, 

b. Show that your design is one which guarantees that the circuit will not lateh 
in the high-current region. 

c. Estimate the recovery time from Eq. (13-21). 

d. If the specifications are changed so that a 100-usec sweep is required, such a 
sweep may be obtained by decreasing either R or C by a factor of 10. Which alterna- 
tive is preferable? 

14-5 A UJT is used as a switch across a sweep capacitor C which charges through 
R. A single voltage supply Vaz is used in the circuit. 

a. Prove that the sweep duration is given exactly by 


Vas nad Vy 
Vas — Vp 


b. Prove that, if Vaz > Vy, then T, ~ RC In [1/(1 — n)). 

ec. If the sweep were linear instead of exponential, prove that for Vp > Vv, 
T, = nRC. 

d. Compare T, in parts b and c for 7 = 0.5. 

14-6 A driven sweep circuit as in Fig. 14-8a uses for the switch S a silicon con- 
trolled switch (SCS) whose firing characteristics are given in Fig. 12-14. The valley 
voltage is Vy = 1.0 V. The unit will latch in the on state if a continuous current is 
available in excess of 1.0 mA. The sweep is triggered by a train of voltage pulses 1.0 V 
in amplitude and of a frequency of 100 Hz. The sweep is to have an amplitude of 
10 V, a duration of 1 msec, and the best linearity possible. Specify reasonable values 
for Vyy, Ri, R2, R, and C and for the bias on which the triggering pulses are to be 
superimposed. In each case give reasons for your choice. 

14-7 A driven sweep circuit as in Fig. 14-8a uses for the switch a thyratron gas 
tube (Fig. 14-6b). The sweep is to have a duration of 100 usec and an amplitude of 
50 V. The triggering waveform is a 1,000-Hz train of pulses of amplitude 4 V. The 
firing voltage Ve is related to the grid bias Veg by Ve = 8Vag. The maintaining 
voltage is 16 V. The tube will latch (block) if a continuous current is available in 
excess of 1.0 mA. The available power supply voltage is 250 V. Specify reasonable 
values for Vee, R1, Re, R, and C. In each case give reasons for your choice. 

14-8 The circuit shows a method for reducing the recovery time of a UJT sweep 
circuit by using a transistor @. Explain how the circuit operates. 


T, = RCin 


Prob, 14-8 
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14-9 In the sweep circuit of Fig. 14-60, the thyratron has a critical grid break- 
down characteristic given by Vp = 10Vag, a maintaining voltage Vy = 20 V, a main- 
taining (blocking) current Jy = 0.5 mA, and a maximum allowable current of 0.5 A. 
A 300-V supply is available. 

a. If the circuit is to operate as a driven sweep, what is (Vaa)min? 

b. Sketch the waveform across C for a single trigger input. 

c. What will happen if Veo < (Vea)min? Sketch the waveform vc across the 
capacitor if Veg = 0.2(V ae) min- 

d, Find the minimum value of r. 

e. What is the minimum value Ruin of R for proper operation? 

f. What will happen if R < Ruis? 

14-10 In the vacuum-tube sweep circuit of Fig. 14-10, the tube is a 12AU7, 
Vry = 300 V, R = 100 K, R' = 1M, and C’ = 0.001 wF. The input is a nee 

10-ysec pulse whose amplitude is 30 V. 

a, What is the sweep duration? 

b. What is the minimum output voltage, with respect to ground? 

c. If a 10-V sweep is desired, what is the value of C? 

d. What is the approximate value of the recovery time constant? 

e. How would you modify the circuit in order to reduce the recovery time? Sup- 
pose, for example, that the input gate is to be a symmetrical 50- kHz square wave whose 
peak-to-peak amplitude is 30 V. 

14-11 A given waveform is observed on a CRO. It is desired to view a selected 
portion of this waveform in more detail by spreading it out in time by some factor, 
say 5. Devise a circuit configuration (in block-diagram form) which will function 
as such a sweep magnifier. 

14-12 A type 2N404 p-n-p transistor (Figs. 6-13 and 6-21) is used in the CE con- 
figuration as the switch in the time-base circuit of Fig. 14-10. The circuit parameters 
are R = 100 K, R’ = 150 K, C’ = 0.01 uF, and the supply voltage magnitude is 30 V. 
The input is a positive 100-usec pulse whose amplitude is 2 V. 

a. What is the sweep duration? 

b. What is the minimum output voltage with respect to ground? 

c. If the maximum voltage to which the capacitor is to charge is 10 V, what is the 
size of the capacitor? 

d. Estimate the discharge time of the capacitor. (Hint: Assume that during the 
discharge time the transistor may be replaced by a parallel combination of a current 
source and a resistor. Assume also that the plots in Fig. 6-138 may be approximated 
by straight lines extending all the way to the current axis.) 

e. Draw the waveform of the capacitor voltage vc. 

14-13 Draw a schematic diagram corresponding to the block diagram of the 
thyratron sweep of Fig. 14-9. 

14-14 Derive Eqs. (14-20), (14-21), and (14-23) for the transistor constant- 
current sweep. 

14-15 The emitter current in the sweep circuit of Fig. 14-13a is supplied by a 
current source which supplies a constant current [y. Show that the sweep-speed error 
is ¢, = hoV./ale ~ heV,/Iz, where V, is the sweep amplitude. Calculate e, for 
ho = 0.5 pmho, V. = 20 V, and Iz = 10 mA. 

14-16 a. Design a sweep circuit using a silicon transistor in the CB configuration 
as in Fig. 14-18a@ to generate a 20-V sweep in a time of 10~‘ sec with a slope error 
not to exceed 0.2 percent. The transistor has parameters a = 0.98, hy» = 20 Q, 
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he» = 4 X 1074, and hy = 0.5 umho. Use R, = 1.5. K and select reasonable values 
for Vee, Vaz, and Cc. 

b. Calculate the percentage change in sweep speed which results from a 30°C 
change in ambient temperature. 

14-17 Consider the pulse-width decoder shown. The capacitor C charges 
through the CB transistor Q2 at a constant current of 5 mA and is discharged by the 
switch Q1. Emitter follower Q3 and diode D function as a ‘peak detector,” or “hold 
circuit.” The input pulse v; extends from 0 to +10 V for a duration T which may 
have any value from 0 to 1 msec. (a) Plot »;, % (the input to Q1), vc (the voltage 
across C), and », as a function of time. (6) Prove that », is proportional to the pulse 
width T. (c) Find R. (d) What is the maximum output voltage? (e) What is the 
minimum value that can be used for C? (f) If C = 1 uF and », = 3.V, what is T? 
(g) If Q3 and D were silicon, show that pulse widths below a minimum could not be 
measured. If C = 1 pF, what is Tain? 


Prob, 14-17 


14-18 In the sweep circuit of Fig. 14-15 take into account the fact that during 
the formation of the sweep the capacitor C, discharges through R,. Show that to 
allow for this discharge the slope error e, given in Eq. (14-25) must have added to it 
the term 7,/R,C,, where T, is the time of the sweep. 

14-19 (a) In the circuit of Fig. 14-15 the tube is a 12AX7, Vr = 250 V, 
R, = 100 K, R, = 150 K, R, = 200 K, C, = 0.1 uF, R, = 100 K, and C = 300 pF. 
Find the sweep speed, the slope error for a sweep of amplitude 75 V, and the sweep 
time. (0) How long an interval must be allowed between sweeps to make sure that 
the initial sweep speed is not lower by more than 1 percent than the sweep speed 
which results when an arbitrarily long recovery time is allowed? 

14-20 In the sweep circuit shown the capacitor C charges abruptly through the 
thyratron V2 and discharges at a nominally constant rate through V1, a GAU6 pentode 
(Fig. D-1). The cathode resistor R; is adjusted so that the capacitor current is approxi- 
mately 0.7 mA during the sweep time. The screen current is 0.4 of the plate current. 
The thyratron maintaining voltage is 20 V and the breakdown voltage Vr is related to 
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the grid-to-cathode voltage Va by Vp = —10Vg. (a) Sketch the waveform vc. Cal- 
culate (6) the maximum and minimum values of u¢ if C = 0.01 uF, (c) the cathode 
resistance, and (d) the sweep frequency. 


Prob. 14-20 


14-21. The Miller sweep requires ideally an amplifier with a gain — , whereas 
the bootstrap sweep requires a gain +1. Yet the discussion in connection with Fig. . 
14-16 indicates that actually the two circuits are the same. To resolve this apparent 
anomaly, consider an amplifier as in the figure with independent terminals X, Y, and Z. 
Show that if a gain A is defined as A = »,,/vz, (i.e., a “common-Z” configuration) and 
a gain A’ is defined as A’ = v,,/vz, (i.e., a “common-Y” configuration), then 


=A -A’ 
‘= SS 
eg. oe Ae 
Therefore, if A =.— 0, A’ = +1, verifying that an amplifier may have different gains 


depending on the definition of input and output terminals. 


Zz 
Prob. 14-21 
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14-22 The circuit in (a) is a Miller sweep using an amplifier stage. The circuit 
in (b) is a bootstrap sweep using a cathode follower. Show that the circuit in (a) 
may be transformed into the circuit in (6) by making changes which have no effect on 
the small-signal equivalent of the circuit. 


Vpp 


(a) (b) 
Prob. 14-22 


14-23 a. Let a resistor r be added in series with the capacitor C in Fig. 14-19. 
Show that in this case the jump at the output AV, (which is no longer the same as 
the jump at the input) is given by 


_ (Ry + An)V’ 
~ (L— A)R' +R, 417 


b. Under what conditions will the jump be positive? Negative? Zero? 

c. Evaluate AV, if a pentode is used with g, = 3 mA/V and if the plate resist- 
ance = 30 K, V = 300 V, R = 1M, andr = 0. 

14-24 The switching arrangement of Fig. 14-19 is replaced by the arrangement 
shown in (a). Thus the sweep is started not at the closing of S but rather at the 
opening of S’. Show that the arrangement at (a) is equivalent to that shown at (0). 
Here it is considered that the sweep forms in response to an abrupt change in input 
voltage to the level V’ from the level V”. Assume that the level V” has persisted. 
long enough for the circuit to have attained a steady state. 


AY, 


Prob. 14-24 
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14-25 The Miller sweep circuit of Fig. 14-21 uses a 6AU6 pentode (Fig. D-1) 
with a screen voltage of 150 V. The parameters in the circuit have the following 
values: Vpp = 300 V, R, = 10K, R = 1 M,C = 0.003 uF, and Veg = 2V. (a) Plot 
the output waveform and label all voltage levels with respect to ground for T, = 1.5 
msec. (b) Calculate the displacementerror. (c) Calculate the recovery time constant 
assuming a, switch resistance of 1 K. 

14-26 In the Miller run-up sweep circuit of Fig. 14-23, Vep = Vee = 300 V, 
R, = 100 K, C = 0.005 uF, R = 1 M, and the switch S has a resistance of 500 2. 
In the quiescent condition with S closed, the tube current is 2.5mA. The tube param- 
eters are w = 100 andr, = 100 K. The switch S opens at ¢ = 0 for 1 msec and then 
closes. (a) Find r to eliminate the jump in the output. (6) Plot the grid and plate 
voltages, labeling all voltage levels, times, and time constants. (c) Calculate the 
sweep-speed error. (d) Calculate the recovery time constant. 

14-27. With the switch S closed, the quiescent collector current is 1 mA. The 
silicon transistor has parameters hye = 100, hie = 1 K, hoe = 0.25 X 10-+ mho, and 
hee = 0. The switch is opened at ¢ = 0. ~(a) Draw the output waveform for the 
interval £ = 0 to t = 1 msec, labeling the voltage levels. (Neglect the initial jump.) 
(b) Calculate the sweep-speed error e, in this interval. (c) In order to decrease ¢ 
an emitter follower is added. Indicate the circuit, including power supplies, required 
for proper biasing. If the emitter resistance is 10 K, calculate ¢,. 


22K 


Prob. 14-27 Prob, 14-28 


14-28 The transistor has hrs = 100. Neglect diode and transistor forward 
junction voltages. Draw the output waveform », for the interval ¢ <0 (before the 
gate is applied) until the circuit has recovered to its initial quiescent state. Neglect 
voltage jumps. Calculate voltage levels, time constants, and retrace times for (a) 
T = 30 psec and (6) T = 300 psec. Hint: The circuit behaves as a Miller integrator 
for t > T but not during the gating interval T. Why? Assume a nonzero source 
resistance. 
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14-29 The screen-gated phantastron circuit of Fig. 14-31 uses a 6AU6 tube and 
has the following parameters: Vep = 300 V, R, = 100 K, R = 1M, andC = 0.001 uF. 
The voltage-divider resistances are so adjusted that the suppressor is at 0 V and the 
screen at 150 V during the sweep time. Calculate (a) Vi and V2 (Fig. 14-32) approxi- 
mately, (b) the sweep amplitude, (c) the sweep duration 7, (d) the percent change in 
T, for a 10 percent change in supply voltage, and (e) the displacement error. (f) If 
a plate catching diode is added, as in Fig. 14-33, then the relationship between Vx and 
the delay time Tis T = aVr. Find a. 

14-30 An astable circuit may be obtained by cross-coupling two monostable 
phantastrons. Sketch such a circuit and explain its operation. 

14-31 It is desired to obtain a delay time T which will be inversely proportional 
to a voltage V. Show that a screen-coupled phantastron will give this relationship 
(approximately) if the charging resistor R is connected to V instead of to Vpp. 

14-32. A cathode-coupled monostable phantastron.is shown. Draw the wave- 
forms at the suppressor, screen, and control grids, at the plate, and at the cathode. 
(Hint: The cathode follows the grid quite closely.) 


of 


Positive 
trigger 
input 


Prob, 14-32 


14-33 The circuit shown is a variation of the bootstrap which avoids the need 
for a voltage source neither side of which is grounded. Show that precise linearity 
results if the amplifier gain is A = 1+ R2/R. 


Prob. 14-33 
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14-34 a. For the bootstrap circuit shown prove that the amplifier gain A must 
be given by A = 1 + R/R,, if a precisely linear sweep is to be obtained. 

b. A linear sweep with a pair of symmetrical output signals is to be obtained from 
the circuit shown (1: = —to2). Find the values of R’/R and R’”’/R. The magnitude 
of the forward gains of the amplifiers may be taken as infinite. 


Prob. 14-34 


14-35 (a) Find the value of R which will cause the bootstrap circuit shown to 
yield an exactly linear sweep. The transistors have parameters hj, = 1 K, hy. = 100. 
Assume h,, = Oandh,,. ~ 0. (6) With S closed, the quiescent collector voltage of Q2 
is 35 V. Find the sweep speed. 

14-36 Show that the effect of a finite value of C; in the circuit of Fig. 14-36 is 
that the term C/C, must be included in the expression for e, as in Eq. (14-48). Hint: 
The sweep speed at ¢ = 0 is given by Eq. (14-47) as AV/RC. Calculate the sweep 
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= 0 - Ver 


Prob, 14-35 


. speed at t = 7, by noting that the voltage across C in Fig. 14-35 is V,, across C is 
V — V.C/C,), and». = AYV,. 

14-37. The bootstrap sweep of Fig. 14-35 uses a 12AU7 tube instead of a transistor. 
The circuit parameters are the following: Ver = 250 V, C = 500 pF, Ci = 0.01 uF, 
R, = 0.2 M, R = 1M, and R, = 10 K. The switch S is opened for T, = 100 usec. 
(a) Plot the waveform at the output of the cathode follower for T, >> 0. Calcu- 
late (b) the output voltage at the beginning and the end of the sweep, (c) the average 
gain of the cathode follower (from the ratio of the output to input voltage changes dur- 
ing the sweep), (d) the sweep-speed error, (e) the voltage change across Cy during the 
sweep, and (f) the recovery time constant, assuming a zero-resistance switch. 

14-38 Repeat Prob. 14-37 if R, is replaced by a diode whose forward resistance 
is 1 K. 

14-39 The bootstrap circuit of Fig. 14-35 uses a 6CG7 tube instead of a transistor 
and C; is replaced by a g's-W neon lamp whose voltage is constant at 65 V over the 
current range 30 to 300 uA. The circuit has the following parameters: Vep = 300 V, 
R=1M,C =0.1 uF, R, = 15 K, and the switch resistance is 1 K. With S closed, 
the lamp current is 200 nA. The switch is opened for a time T,, at the end of which 
time the sweep has made a 100-V excursion. Calculate (a) the output voltage with 
S closed, (b) the value of Ri, (c) the lamp current at the end of the sweep, (d) the sweep 
time T,, (e) the ratio T,/r, where 7 is the restoration time constant, and (f) the slope 
error. 

14-40 a. For the bootstrap circuit of Fig. 14-37 discussed in the illustrative 
example in Sec. 14-15 plot the waveform of the emitter current of the emitter follower 
and calculate all current levels. . 

b. Plot and calculate the levels of the waveforms of the voltage across and the 
current through C,. 

c. If Vez were 0 V, how would all the waveforms be modified? In particular, 
repeat part b. 
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14-41 The transistor bootstrap circuit of Fig. 14-37 has the following parame- 
ters: Vee = 10 V, Vez = 10 V, Ry = 30 K, R= 10 K, R. =5§ K, C = 0.002 BF, 
Ci = 0.25 uF, and C, may be taken as arbitrarily large. The input gate has an ampli- 
tude of 1 V and a width of 50 usec. The parameters of Q are hrz = hy. = 60,h,. = 2K, 
1/hoe = 10 K, hye = 10-4, Teno = 0, and the forward-biased junction voltages are 
negligible. The diode is ideal. (a) Plot the gate voltage, the collector current ici, 
and the output voltage ». Put numerical values of voltage, current, and time on your 
waveforms after you make the following calculations. Evaluate (b) the sweep speed 
and the amplitude of the sweep at its maximum value, (c) the time it takes to discharge 
C at the end of the sweep, (d) the peak voltage change across C, and the time required to 
replace this lost charge, (e) the emitter current of Q2 at t = O— and at t = 0+, (f) es, 
the slope error, and (g) ¢,, if Q2 were replaced by a Darlington composite configuration. 

14-42 In the transistor bootstrap circuit of Fig. 14-87, Vec = 25 V, Vex = 15V, 
R= 10 K, R, = 15 K, R, = 150 K, C = 0.05 pF, and C, = 100 uF. The tran- 
sistor has parameters given in Table 1-2. The gating waveform has a duration 
T, = 300 ywsec. (a) Draw waveforms for ic: and u,, labeling all current and voltage 
levels. (6) What is the sweep speed and the maximum value of the sweep voltage? 
(c) What is the slope error of the sweep? (d) What part of the slope error results 
from the fact that C, is not arbitrarily large? (e) Calculate the retrace time T, for 
C to discharge completely. (f) Calculate the recovery time T1 for C1 to recharge 
completely. 

14-43 Each silicon transistor has an hy. = 60 and junction voltages as given in 
Table 6-1. The diode drop in the forward direction is 0.6 V. The input »; comes from 
a flip-flop whose output impedance is small compared with 20 K. The states of the 
binary are —16 and —8 V. (a) If v; = —16 V, find »,. (6) If the flip-flop changes 
states so that »; = —8 V, show that a negative sweep waveform is generated at the 
output. (c) If complete rundown is obtained in 50 usec, calculate C. (d) At the end 
of 100 psec the binary is reset. Calculate the recovery time for C. (e) How much 
charge is drained from the 1-uF capacitance while the input is in the —16-V state? 
(f) Calculate the recovery time for the 1-4F capacitance. 


Prob. 14-43 
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14-44 The silicon transistor has the following parameters: hye = 50, hie = 1.1 K, 
hoe = 25 umhos, and h,, ~ 0. The avalanche diode has a maintaining voltage of 7 V. 
The UJT has a valley voltage of 2.7 V and 7 = 0.5. Neglect the retrace time due to 
the UJT. A 5-kHz sweep is required. The maximum current in the avalanche diode 
istobe5mA. Calculate (a) the sweep amplitude, (b) the sweep speed, (c) the value of 
R, (d) the value of R,, (e) the minimum current in the breakdown diode, and (f) the 
slope error. (g) If bootstrapping were not used, calculate the slope error. 


0 30V 


Prob, 14-44 


14-45 a. The circuit shown is a monostable bootstrap time-base generator. 
Explain how a sweep is formed when a negative pulse »; is applied att = 0. Sketch 
qualitatively the output waveform »,. What factors cause the termination of the gen- 
erated waveform? 


Prob. 14-45 
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b. Prove that at t= 0+, a negative step is formed at the base of Q1 whose 
magnitude is 


R R 
Veo—(1+— 
co ie ( +®) 


c. If Q1 is to remain cut off throughout the sweep, prove that C, > R.RC/RiR-. 

14-46 In the split-capacitor compensation circuit of Fig. 14-42, show that the 
addition of R2 introduces an effective load R’ shunting the output of the emitter follower 
given by 


bi AR, 


A — C3/(C3 + C2) 


where A is the gain of the emitter follower. 

14-47 a. In the split-capacitor compensation circuit of Fig. 14-42, Ci = 50 uF, 
R=10 K, R, =5 K, C. = C3 = 0.1 uF, and Vez = Vcc = 20 V. The transistor 
parameters are hi, = 1 K, hy = 60, and 1/hoe = 40 K. If the sweep amplitude is 
10 V, calculate R2. 

b. What would be the slope error if R, were feuived? 

14-48 The circuit of Fig. 14-43 has the following parameters: V = 250 V, 
L = 700 H, R = 100 K, and C = 0.005 pF. The switch S is opened for 500 usec. 
Calculate (a) the sweep amplitude, (6) the displacement error. (c) If switch S were 
left open, sketch the output waveform across C. What would be the approximate value 
of the peak output voltage? (d) Repeat parts a and b with the inductor not in the 
circuit. 


CHAPTER 15 


15-1 (a) In the circuit of Fig. 15-1a, L = 200 mH and it is required that the cur- 
rent in L increase from zero to 100 mA in 1.0 msec. Find Vcc. Assume Ri = 0 and 
Ver(sat) = 0. (b) If Ra, consisting of the diode resistance alone, is 10 Q, draw the 
waveforms of i, and vez, indicating voltage levels and time constants. If we assume 
that the circuit has recovered in three time constants, what is the ratio of the recovery 
period to the sweep period? (c) If the transistor will withstand a collector-to-emitter 
voltage of 60 V, what is the maximum value of R, that may be used? Draw the wave- 
forms of iz and vcz for this case. What is the recovery period now? 

15-2. (a) In the circuit of Fig. 15-la, Voc = 20 V, L = 200 mH, the yoke resist- 
ance Ry = 202, Ros = 5 Q, and Ry = 2002. For a 500-ysec sweep draw the wave- 
forms of iz and vcg, indicating voltage levels and time constants. (b) Calculate the 
slope error of the sweep. 

15-3 (a) Derive Eq. (15-5). (6) Show that Eqs. (15-5) and (15-6) apply to the 
circuit of Fig. 15-4b, provided that V is defined as the quiescent voltage across Rz 
(switch S closed) and », is defined as the departure of the output voltage from its 
quiescent value. (c) Show that, if the output terminals of the circuit of Fig. 15-4a are 
bridged by a resistor Ri, Eq. (15-6) continues to apply provided that the second term 
in the parentheses is changed to 


ror ( +%) 


15-4 A deflection coil has an inductance L and is fed from a voltage source v 
through a resistance R (which includes the coil resistance). If the input is of the form 
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v= A + Bt, show that the current is 


in = aoe (Ll — eRHL) + kt 


where k = B/R. 

In order that the sweep be precisely linear, A must equal kL. If the pedestal 
does not have this proper value, what happens to the sweep? Make a rough plot for 
A = 1.1kL and A = 0.9KL. 

15-5 In the circuit of Fig. 15-4b, V’ = —20 V, V” = —10 V, R2 = 100 K, and 
the circuit is required to deliver a signal to a device whose input impedance R; = 400 K. 
The required waveform », is as shown. The ramp is to have a slope error of 5 percent. 
(a) Calculate Vi, r, Ri, and C;. (6) What is the quiescent voltage across C1? (c) 
When the switch S closes, what is the time constant with which the waveform returns 
to its initial level? 


10V- 


=2V 
-5V 


ey 107* ees 


Prob. 15-5 


15-6 a. Consider a transistor stage such as the output stage of Fig. 15-5, which 
operates with an emitter resistor R.. Represent the transistor by a simplified h- 
parameter circuit in which hre = ho = 0. Prove that, if v, is the signal voltage from 
base to ground, 


t = hyde 
“hie + (he + DR. 

b. Let Re = 100 Q and hy, = 50. If hie changes from 150 to 300 Q, a change of 
100 percent, what is the corresponding change in the ratio v,/i,? (Note from the 
discussion in Sec. 7-7 that the variability of hie is precisely the principal reason that a 
transistor displays a nonlinear relationship between collector current and base voltage.) 

15-7 In the circuit of Fig. 15-5 plot the waveform of the collector to-emitter 
voltage of Q3 and the collector-to-ground voltage. Indicate all voltage levels and time 
constants. Assume that at the end of the gating signal the voltage vsy2 returns 
abruptly to its initial value. ; 

15-8 In the output stage of Fig. 15-5,.L = 100 mH, Rz = 50 2, Ra = 400 Q, 
R, = 120 Q, and the yoke current is required to increase by 100 mA in 10-3 sec. The 
quiescent collector current is 25 mA. Each transistor has-h;, = 50 and re = 150 2. 
Assume that the collector and emitter currents are equal. : 

a. Find the waveform of the collector current of Q3. 

b. If-the minimum collector-to-emitter voltage of Q3 is not to fall below about 
1.0 V, find Veeo. . a 
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c. What is the maximum instantaneous voltage which will appear across the 
transistor? 

d. Calculate the minimum value of the base-to-emitter voltage gaih in the range 
over which the transistor operates. 

e. Calculate the waveform required at the base of the transistor Q2. 

15-9 a. In the circuit of Fig. 15-6 assume that at the end of the negative gate 
the grid of V1 returns to zero voltage with respect to the cathode (i.e., no overshoot). 
Calculate the waveform at the grid of V2, including the interval after the termination 
of the gate until the voltage at Gz returns to its initial quiescent state. In particular, 
show that at the termination of the gate the voltage at G2 does not immediately return 
to its quiescent state. 

b. Calculate the waveform at the cathode of V2. Include the undershoot at the 
end of the sweep. At what time does this undershoot pass through zero? 

15-10 The trapezoidal-waveform generating circuit of Fig. 15-6 has the following 
parameters: Vep = 200 V, Veo = 100 V, Ry = 1M, R2 = 300 K, Ri = 10 K, and 
C, = 0.01 pF. The tube V1 is one section of a 6CG7. The input is a symmetrical 
square wave with a half period of 1 msec and peak-to-peak amplitude Vr. 

a. Assuming C, very large, find the minimum value of Vp which will keep the 
tube cut off during the sweep time. 

b. Repeat part aif C, = 0.01 uF. Sketch the grid-to-ground voltage of V1. 

15-11 Modify the current sweep of Fig. 15-6 so that the coil is in the plate circuit 
of V2. The coil is described by the second entry in Table 15-1 on page 584. It is 
required that the current change by 100 mA in 10-3 sec. V1 is a 6CG7 and V2 is a 
6L6. The plate and screen supply voltages of the 6L6 are to be 350 and 250 V, respec- 
tively. Take the gm and rp of the 6L6 to be 5 millimhos and 33 K, respectively. To 
avoid large tube nonlinearities, an initial current of 25 mA is to flow in the 6L6. The 
grid-to-cathode voltage of a 6L6 is —26 V for a plate current of 25 mA and a plate 
voltage of 350 V. 

‘a, Compute the required waveform at the grid of V2 (neglect stray capacitance 
and adjust matters so that the coil is critically damped). 

b. Compute (or arbitrarily select) C,, Ry, R (for critical damping), Ci, Fa, and 
Veo to give the required waveform. Choose R, =1M. 

c. Draw and label with voltage levels the complete waveform (including decays) 
at the grid and plate of V2. In calculating the overshoot at the plate, assume that the 
grid drops immediately to its quiescent value at the end of the sweep. 

15:12 Prove that the critical damping resistance R for the circuit of Fig. 15-8 
is R = Rp, where 


Rer 


Rp = ——— 
1+ Bi/4Rer 


in which Rep = $ W/L/C. 

For the coil specified by the first entry in Table 15-1, calculate what percentage 
error is made if Rz is neglected in the calculation of Rp. 

15-13 Verify Eq. (15-22). : 

15-14 a. Prove that the maximum deviation between the actual sweep and the 
ideal sweep in Fig. 15-10a is k «/LC €? = 0.36k +/ TLC and that this occurs att = ~/LC. 

b. Show that the actual sweep differs from the linear sweep by less than 5 percent 
if t exceeds 3 +/LC. 
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15-15 Consider the effect of omitting both the impulsive current and the step 
of current in Eq. (15-21). Assume that the damping resistance has been adjusted so 
that the circuit is critically damped. Under these conditions, 

a. Prove that if y = t2/k ./LC and x = t//LC, then 


y=(2+22e7+27-—2 


b. Prove that at z = 0, y = 0, dy/dx = 0 and d*y/dz? = 0. 

c. Plot this response and that given by Eq. (15-25) to the same scale. What is 
the effect of omitting the step of current? 

15-16 a. Consider the effect of omitting both the impulsive current and the 
linear current in Eq. (15-21). Assume that the damping is very heavy (R = 0.1R,,). 
Under these conditions, prove that 


kL 


ty & (1 = e-@tRpuLy 


R+ Ry 


Hint: Note that ((R + R1)/L]RC «1, and expand the square root in Eq. (15-26) by 
the binomial expansion. 

b. Show that for small values of ¢, iz ~ kt. Plot iz as given in part a and plot kt 
on the same graph. 

c. Consider the coil whose parameters are given by the first row in Table 15-1. 
What is the maximum sweep length over which the slope error will be less than 10 
percent? 

15-17 It is desired to drive the coil in the writing head of a magnetic storage 
drum with the coil current waveform indicated in (a). The coil inductance is 0.4 mH, 
the coil resistance is 1.5 Q, and the self-resonant frequency of the coilis5 MHz. Assume 
that the external stray capacitance across the coil is 25 pF. 

a. Calculate the damping resistance. Is the circuit overdamped or underdamped? 

b. Calculate and sketch the current waveform of the driver. 

c. If the impulsive term is omitted in the driver current, how is the coil current 
waveform modified? 

d, Calculate and sketch the voltage waveform of the coil. 

e. Sketch and label the current waveform required to drive the coil if the coil 
current has the waveform indicated in (0). 


(2) 
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15-18 The equivalent circuit of an induction resolver is indicated. The symbols 
have the usual meaning in connection with a transformer. If the output of the resolver 
is to be a linear sweep voltage, » = Mkt, show that the input voltage v; must have the 
form 


St = Ae + At + As + LCS) 


Ink 
where 
Ri Rz 
A; = —(—+1 
eT Ohi Z+1) 
R, Lz R: 
A.=—(R — +1 
=F +e tpt 


L R,LC 
A,=R ~ 
3 aC + R + Ti 


where L = L, — (M?*/L,) and 6(t) is the unit impulse defined in Sec. 15-5. 


Prob. 15-18 


15-19 In the circuit shown the current through the sweep coil of inductance L is 
to increase linearly at the rate 100 A/sec. Because of the voltage feedback the output 


© 400 V 


V1 
(clamp) 


o 
a Ble 
Aa 
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impedance of the driver may be assumed to be zero. The quiescent voltage across Rz 
is 300 V, R. = 1M, L = 0.3 H, Rx = 200 Q, C = 100 pF, R = 500 2, R, = 1 M, 
and C, = 0.1 uF. The sweep time T = 0.5 msec. During the sweep time the clamp 
V1 is cut off and the driver V2 operates linearly. 

a. If v, represents the variation of the output voltage with respect to its quiescent, 
value, what is », as a function of time to give the correct coil current? 

b. What must be the value of R; and C; to give the desired sweep? 

15-20 a. Apply the transformation indicated in Fig. 1-19 (with R, replaced by 
the parallel combination of R, and C,) to the circuit of Fig. 15-12. Assume that in 
the h-parameter equivalent circuit hre = hoe = 0. Show that the collector current is 
given by 


— haV R 
= 1 ft patil 
, i ( ia ) 


where Rj = R.(1 + hy) and t = hieR-C./(hie + RB). 
b. Assume that the coil is critically damped. The spike time constant is to be 


adjusted to 2 VLC (approximating the delay in the sweep). The step current is to be 
properly chosen. Under these circumstances, show that 


hy RV he gg a hn 


Rk, = 
L+hy kL ee hte khieRe 


15-21 If the input »; to the circuit shown is a positive step, then the output », 
will be a trapezoidal voltage with a spike, as indicated in Fig. 15-18. Explain the 
operation of this circuit. 
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15-22 In the television current sweep of Fig. 15-16a, L = 5 mH and the total 
current change required to sweep the beam across the screen is 100 mA. Of the 63.5 
usec available for a horizontal sweep and retrace combined, 7.0 usec is to be used for 
retrace. Calculate (a) the required supply voltage V, (b) the capacitance of C, and (c) 
the maximum voltage that appears across the transistor (switch S). 
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CHAPTER 16 


16-1 The triggered blocking oscillator of Fig. 16-1 is loaded with a resistor Rz 
from collector to ground. Assuming that Vee ~ 0 but neglecting saturation junction 
voltages, find the pulse amplitude and width in terms of the circuit parameters. 

16-2 a. Calculate the loop gain for the circuit of Fig. 16-4a by proceeding as 
follows: Open the transformer lead connected to the base and apply a 1-V signal from 
base to ground. Place the impedance (hrz + 1)R across the base winding to simulate 
the base input impedance of the transistor. The voltage induced in the base winding 
is the loop gain. (Why?) : 

b. Verify that the inequality at the bottom of page 603 must be satisfied in order 
that the loop gain exceed unity. 

16-3 Verify that if junction voltages are taken into consideration the width of 
the pulse generated by the circuit of Fig. 16-4a is modified by the factor F given in 
Eq. (16-22). 

16-4 Consider the triggered blocking-oscillator circuit shown, using a silicon 
transistor with Vcz(sat) = 0.3 V, Vex(sat) = 0.7 V, and Arz = 50. There are twice 
as many turns in the base winding as in the collector winding. The magnetizing 
inductance of the collector winding is 3 mH, its leakage inductance is 50 wH, and its 
shunt capacitance is 100 pF. During the pulse, calculate (a) the pulse amplitude at 
the coliector, (b) the collector current ic, (c) the base current ts, and (d) the pulse 
width. 


Prob. 16-4 


16-5 Given a three-winding transformer with turns ratio of 1:n:m. A load Ri 
is across the mn, winding. Prove that the sum of the ampere-turns remains unchanged 
if Rx is reflected across (a) the n-winding as a resistance (n/m1)?Rx or (6) the 1-winding 
as a resistance (1/n:)?Rz. (c) May Rz be simultaneously reflected in both of the 
other windings? 

16-6 The gated blocking-oscillator circuit shown is used to reshape or regenerate 
a binary signal »,. A badly deteriorated pulse train v, and a timing waveform % are 
indicated. Each winding on the transformer has the same number of turns, the col- 
lector magnetizing inductance is L, and T < L/R, where & is the emitter resistance. 
Sketch the output waveform v, and explain the operation of the circuit. 
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16-7 A common-base triggered blocking oscillator is shown. ,The transformer 
turns ratios are 2:1:1 and the collector magnetizing inductance is 10 mH. The 
transistor has an a = —hrz = 0.98.and saturation junction voltages may be neglected. 
(a) Calculate and plot ic, iz, and the load voltage as a function of time. (6) Calculate 
the pulse width. 


a Ve 


Prob. 16-7 Prob. 16-8 


16-8 A common-base monostable blocking oscillator is shown. Neglect junction 
voltages when the transistor is in saturation. 
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a. Prove that the pulse width is given by 


nL Vas/n 
pal aa (tse 
ya ee) ( Vase =) 


where « = hyz is the CB short-circuit current gain. 

b. Note that (with Vez = 0) n must be less than a in order for ¢, to be positive. 
What does this condition mean physically? Will the circuit operate properly if a 1:1 
transformer is used? 

’ ¢e, Note that if Vaz = 0, t, is independent of the supply voltage Vcc. Is Vas 
necessary ? 

d. For n = 4, Voc = 18 V, L = 5 mi, heg = 50, and R = 1 K, plot ie, iz, ve, 
vz, and the voltage across FR as a function of time. 

16-9 A common-collector triggered blocking oscillator is shown. Neglect the 
junction saturation voltages. The magnetizing inductance of the emitter winding is L. 
There are n turns in the base winding and 7m, turns in the load winding for each turn 
in the emitter winding. Indicate the relative winding polarities in order for the feed- 
back to be regenerative. Find expressions for the pulse amplitude and pulse width. 


© Voc 


Prob, 16-9 Prob. 16-10 


16-10 In the circuit shown the windings all have the same number of turns and 
the core has a rectangular hysteresis loop characteristic. If the blocking oscillator is 
triggered at ¢ = 0, prove that at t = 0+ 

‘a, The current in the reset winding is 3Vc/2R;,. 

b. The collector current is 


“es 


Hint: The sum of the ampere-turns cannot change at t = 0. This sum is not zero. 
Why not? 

16-11 a. If the forward resistance Ry, of the diode is taken into consideration in 
the astable blocking oscillator of Fig. 16-11, prove that the fall time ¢, is given by 
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b. If 1.R;s/V, «1, verify that this expression reduces to Eq. (16-27). For the 
example on page 611, is this inequality valid if Ry = 25 0? 

16-12 The astable blocking oscillator of Fig. 16-11 has the following parameters: 
Vee = 10 V, Vag =0.5V,n =2,R = 1.5 K, Ry = 10 Q, Vy =9V,L = 3 mH, and 
C = 100 pF. Calculate the frequency of oscillation and the duty cycle. 

16-13 Design a free-running blocking oscillator of the type indicated in Fig. 
16-11 subject to the following specifications: Veco = 30 V, Vas = 1 V, the frequency 
is 20 kHz, the duty cycle is 5, the peak of the pulse at the collector is 10 V, and the 
peak emitter current is 5 mA. Find values for n, Vy, R, and L. Make reasonable 
assumptions. 

16-14 In the circuit shown D is a germanium diode with Vy «Vee. (a) Explain 
why this circuit operates as a high-duty-cycle astable blocking oscillator. (6) Indicate 
the relative winding polarities. (c) Show that an approximately symmetrical square 
wave is obtained if m1 = n + 1. 


Prob. 16-14 Prob. 16-15 


16-15 Consider the circuit shown where D1 and D3 are p-n diodes and D2 is an 
avalanche diode whose reference voltage V, greatly exceeds the cutin voltage of D1. 
The resistance R’ is less than the critically damped value. Show that the circuit will 
not be astable, but may be triggered at a high duty cycle. The inductance of the col- 
lector winding is ZL, and there are n times as many turns in the base as in the collector 
winding. Plot vc and im and show that, after the pulse, 7m falls linearly for a time 


p< 2 Vee _ Vy 
’"V,\nt+i RB 


and then falls to zero exponentially. 
16-16 a. For the circuit of Fig. 16-14a, verify that the peak value V; of »; is 
given by 
Rit+R 
Ri 


(n + Vv, 


= nVec + Vas — [nee — Vas) ~ = (n+ DV es ETH RyCr 
1 


where Ry is R: in parallel with R. Neglect junction saturation voltages. 
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Verify that if R, > R, this equation reduces to Eq. (16-33). Assume that Vue 
is no larger than about $V ce. 
b. If hee > 1 and hrg > Nn, verify that t,-is given by 


tp ( n Ri fa Var n+l ecto RC 
L R+R RR Veo~ Ves R+ hi 


= nVocc + Vas 1 my 
Veo — Ves R+R, Re 


c. Show that subject to the restrictions given in part a, the equation in part 6 
reduces to Eq. (16-31). 

16-17. Shown is an astable blocking-oscillator circuit which uses two transistors 
and a transformer whose core has the rectangular hysteresis loop of Fig. 16-9. All 
windings are on the same core. Assume that the transistors behave as ideal switches. 

a. Explain qualitatively the operation of the circuit. Why are two transistors 
required? ; 

b. What waveform appears at the output »? Calculate the amplitude and fre- 
quency of to. 

c. Show that the collector of the orr transistor rises to a voltage (with respect to 
ground) of {(n + 2)/(n + 1)]Vee. 


Prob. 16-17 


16-18 A free-running blocking oscillator uses one-half of a 6CG7 tube with a 
140-V power supply. The grid winding of the transformer has twice as many turns 
as the plate winding. From the positive-grid characteristics of Fig. 16-18, calculate 
the plate voltage, plate current, grid voltage, and grid current at the peak of the pulse. 

16-19 A monostable blocking oscillator uses one-half of a 6CG7 tube with 
Ver = 200 Vand Vag = 100 V. The grid winding of the transformer has 30 turns and 
the plate winding 10 turns. The grid resistance is 100 K and the grid capacitance is 0.1 
uF. Using the positive-grid characteristics of Fig. 16-18, find the plate voltage and 
current at the peak of the pulse. 

16-20 It is desired to decouple a blocking oscillator from the power supply line 
by means of the R’C’ circuit shown. The pulse width is 2 usec, the peak plate current 
is 0.25 A, and the period is 2,500 psec. 
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a, Calculate the minimum value of C’ so that the tilt at point A does not exceed 
5 V. 
b. Calculate a reasonable value for R’. Explain. 


Prob. 16-20 


16-21 a. If, instead of R.,, a damper diode is used in the multiar circuit of Fig. 
16-19 across the transformer winding in the cathode of the amplifier, should the plate or 
eathode of the diode be placed at the cathode of the amplifier? 

b. Explain the operation of the circuit with the damper diode. 

c. What is the advantage of using a damper diode over a damping resistor? 

16-22 In the multiar circuit of Fig. 16-19, Ver = 400 V, R, = 2 M, and C, = 50 
pF. The amplifier grid base is 10 V. The transformer turns ratio is 2:1. The output 
pulse at the cathode has a peak value of 40 V. The input is a negative-going sweep 
whose amplitude is 100 V and whose slope is 1 V/zsec. What is (a) the minimum 
value of C, (6) the minimum value of R, and (c) the highest repetition rate at which the 
circuit will operate properly? 

16-23 In the multiar circuit of Fig. 16-19 the input is zero and Vp = 0. 

a. Show that continuous oscillations result. Sketch the waveforms at the grid, 
plate, and cathode of the amplifier. Assume that the diode has a break point at 
V, = —0.5 V. 

b. Repeat part @ with a sinusoidal input voltage which has an amplitude that is 
much greater than the grid base of the amplifier. 

c. Repeat part b with an input sinusoidal voltage whose amplitude is less than the 
grid base. 

16-24 If the transformer in the multiar circuit of Fig. 16-19 is allowed to ring, 
show that multiple pulses of the type indicated in Fig. 16-22 may be obtained. Explain. 

16-25 An attempt is made to use the multiar circuit for positive-going input 
waveforms. The polarity of the diode D and of Vr is reversed. ‘The resistor R, is 
connected to a negative voltage within the grid base of the amplifier instead of to the 
voltage Vrp. Explain the operation of the circuit and show that multiple pulses of 
the type indicated in Fig. 16-22 will take place. Assume C so large that the voltage 
across it may be considered constant. 

16-26 Show that a multiar circuit may be compensated for changes in filament 
temperature by shunting R in Fig. 16-19 by a diode. 
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CHAPTER 17 


Nore: Unless stated otherwise, in these problems assume ideal diodes (with R, = 0, 
R, = », and V, = 0). 

17-1 In the gate circuit of Fig. 17-2, Ri = 10 K and is shunted by a capacitance 
C, = 10 pF. The gate signal is a symmetrical square wave of frequency 1.0 MHz 
which makes excursions between —35 and 0 V. The output impedance of the square- 
wave source is 5002. The signal input is a train of 10-V pulses which are arbitrarily 
narrow and which occur just before the negative-going transition of the square wave. 

a. If no more than 2 V of the input signal is to be fed back into the control-signal 
source, what is R,? 

b. If R, is determined as in part a, what is the maximum allowable value of C; if 
there is to be some transmission to the output? 

c. If R: = 5 K and C; = 30 pF, then what is the amplitude of the output pulse? 

17-2 Consider a gate with the same specifications and control signal as in Prob. 
17-1 but with the pulse amplitude increased to 20 V. Calculate the amplitude of the 
output pulses if R, and C, have the following values, respectively: (a) 2.5 K, 50 pF; 
(b) 2.5 K, 100 pF; (c) 10 K, 10 pF; (d) 10 K, 100 pF. 

17-3 In the transmission gate shown in Fig. 17-2, the control input is a step at 
time ¢ = 0 from the level —50 V to the voltage V. The signal input is a positive 
pulse of 30 V amplitude whose leading edge occurs at t = T and whose duration is é». 
If R, = Ry = 10 K, C, = 100 pF, and C, = 20 pF (across Rz), calculate and sketch 
realistically the output voltage waveform », for the following cases: 

a. V = 0, T = 1 usec, and ¢, = 1 nsec. 

b. V = 10 V, T = 10 usec, and t, = 1 nsec. 

c. V = 0, T = 10 usec, and t, = 0.6 usec. 

17-4 The signal vs is a 20-V positive pulse. The control-signal voltage levels 
are 0 and —40 V. The control-source impedance is 2 K as shown. The maximum 
allowable current to be drawn from a control source is 1 mA. (a) Find Ri. (b) A 
steady state is reached with 0, = 0 V and v¢2 = —40V. Thenati = 0, vc: is changed 
abruptly to —40 V. Find C, so that no pulse is transmitted if it is applied after 
t= 2psec. (c) A steady state is reached with vc: = 0 and tc, = —40 V. Then bs is 
applied. What is the amplitude of the output pulse »,? 


Prob. 17-4 
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17-5 a. A threshold gate which is enabled by any one of a number of control 
inputs is indicated. The control-signal levels are 0 and —50 V. Explain the opera- 
tion of this gate. a 

b. Each control-source impedance is 1 K and the load impedance is R, = 10 K. 
The maximum allowable current which may be drawn from a control source is 1 mA. 
The output is to be zero within 1 usec after a control voltage changes from 0 to —50 V. 
The signal input is a 10-V pulse. The capacitance across the outputis15 pF. Find Ry. 

c. Find the maximum value of Cy. 

d. How soon after a control voltage changes from —50 to 0 V will the gate be 
open for signal transmission if C, = 25 pF? 

e. Only one control inputisenabled. Find the peak output voltage if C1 = 25 pF. 

f. Repeat part e if ail four control inputs are at 0 V. : 


Prob, 17-5 


17-6 In the gate shown, the control voltages vc, and vcs are supplied by flip-flops 
and are at the voltage levels +50 or +100 V, depending on the state of the binary. 
An output from the gate is to be obtained only when both control voltages are in the 
100-V state. Neglect diode capacitances but take into account the 50-pF capacitance 
shunted across the output as indicated. 

a. What is the minimum value of V’ that must be used for proper operation of the 
gate? 


Prob. 17-6 
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b. If V’ = 120 V, what is the maximum value of pulse amplitude V, for proper 
operation? 

c. If V’ = 130 V and V, = 20 V, what is the size of the pulse », obtained at the 
output? 


17-7. In Fig. 17-7, C = 200 pF, Ri = 100 K, Vyy = 30 V, and the control 
voltages come from binaries whose two stable levels are +30 and —20 V, respectively. 
The signal input is a 20-V pulse and the output is to be an 18-V pulse. The gate is to 
be energized (be able to transmit essentially the entire 18-V pulse) within 60 ysec after 
all binaries reach the 30-V state. Neglect all stray capacitances. The resistor Rz 
is connected to a bias voltage V’ instead of to ground. Find (a) V’, (b) R, and (c) the 
maximum allowable value of R’. (d) Calculate the voltage at A if 0, 1, 2, or 8 of the 
binaries are in the 30-V state. 

17-8 In the transmission gate shown the signal vs is a 1-MHz pulse train whose 
pulses are 0.1 usec wide. The control voltage vc is a pulse train occurring at a lower 
rate whose pulses are 0.2 ysec wide and are timed as indicated. The diode D2 is 
necessary to reduce the fall time at point A when a pulse is present in vc. Diode D3 
and the 30-V supply are used for clamping so as to provide the proper d-c levels. The 
capacitance of C, is much larger than that of C1. 

a. Sketch the waveform at A if a pulse is present in vs but not in vc. Indicate 
voltage levels and explain. 

b. Sketch the waveform at A if a pulse is present in tc but not in vs. Explain. 

c. Sketch the waveform at A if there is a coincidence of pulses at vs and ve. 
Sketch the output waveform. 

d. If there is to be no more than a 20 percent capacitive attenuation through the 
gate, what is the minimum value of Ci? 

e. After a control pulse occurs, the voltage at A must return to its quiescent value 
before the next pulse of vs. Find the maximum value of R for which the above condi- 
tion is satisfied. 

f. If the voltage across C2 is not to change by more than 1 V, find C.. 


Prob. 17-8 
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g. Find the tilt in the output pulse. 

h. If the amplitude of the pulses of ve varies between 40 and 60 V, indicate how to 
modify the circuit so that it will continue to operate properly. 

17-9 The tube is a 6CG7 (Fig. D-2) and the signal vs is a sinusoid whose peak 
value is 10 V. : 

a. For proper operation of the circuit, what is the minimum value of V. and the 
maximum value of V,? 

6. What is the pedestal voltage? 

c. What are the maximum and minimum output voltages? 

d, Plot the output waveform, assuming that the width of the control voltage pulse 
equals 2 cycles of the signal voltage. 


Prob. 17-9 


17-10 In the circuit of Fig. 17-96, Q1 and Q2 are germanium transistors, Veco = 
20 V, R. = 1K, R,=3 K, and Vas=6V. The input vs is a sinusoidal signal of 
amplitude 5 V. Neglect the base current and use the approximations of Table 6-1 
(page 219). For this circuit repeat parts @ through d of Prob. 17-9. 

17-11 Consider the two-diode gate of Fig. 17-14. A diode reverse resistance R, 
is very much larger than any other resistance in the circuit. The leakage L is defined 
as the change in output voltage per unit change in signal input during the interval 
when the bridge is nonconducting. If capacitances are neglected, prove that 


pw 2h __ Re 
R, Re + Re 


17-12 Consider the two-diode bridge of Fig. 17-14, in which there is an unbalance 
in control voltages so that ve. ¥ vc. 

a, If the average control voltage is v4 = (ve. + ¥¢2)/2 and the unbalanced control 
voltage is vy = v¢1 — v¢2, prove that Yor = 04 + vy /2 and vce = 04 — vy /2. 

b. The unbalance U is defined as the change in output voltage per unit change in 
unbalanced voltage. If Ry is neglected, prove that 


Re 2Rce\"* 
U={[2 picked zal 
( Ret Re 
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Hunt: Note that in Fig. 17-16a, points A and B are at the same potential as far as the 
unbalanced voltage is concerned. 

c. What percentage of the unbalanced voltage appears across the output of the 
bridge whose parameters are given in the illustrative problem on page 642? 

17-13 Verify Eq. (17-11) as follows. Assume that Dil and D2 are reverse- 
biased and that D3 and D4 are conducting. Then calculate the current in D3 and 
D4 due to V, V,, and V, separately. The minimum value of V. is then found from 
the condition that the resultant current must flow in the forward direction in D3 and D4. 

17-14 Verify Eq. (17-13). Hint: If R and Ry, are much less than Rz and Re, 
then points P:, Ps, Ps, and P, in Fig. 17-21a are all approximately at ground potential. 

17-15 a, Prove that the exact expression for the gain A of the four-diode gate 
of Fig. 17-20 and of the six-diode gate of Fig. 17-22 is 


ee ed BNP 


Ri Re QR, 


where R, is the signal-source resistance. Hint: To Fig. 17-21) add Ry, R, and R, 
and note that points P, and P; are at the same potential. 

b. Find the numerical value of A if Rp = Re = 100 K, R= R, = 1 K, and 
Ry; = 259. 

17-16 There will be some leakage through the diode gates of Figs. 17-14, 17-19, 
17-20, and 17-22, Assume that Ca = C, =5 pF and C, = 10 pF (Sec. 17-9), 
Rr = Re = 100 K, Ry = 2509, and R, = 0. A sinusoidal signal of frequency 1 MHz 
is applied at the gate input. Find the percentage of the signal which leaks through the 
diode capacitances to the output for the following cases: 

a. Two-diode gate of Fig. 17-14 with Rs = 50 K. 

b. Four-diode gate of Fig. 17-19 with Rz = 1 K. 

c. Four-diode gate of Fig. 17-20. 

d. Six-diode gate of Fig. 17-22. 

17-17. For each of the gates listed in Prob. 17-16 with the component values 
specified, calculate the impedance seen by the signal when the bridge is conducting 
and also when it is not conducting. Assume R, = © and R; = 25. 

17-18 Verify Eg. (17-18). Hun: Write (Vez) in terms of the voltages Vz and 
Ve given by Eqs. (6-33) and (6-34). Remember that in the present situation Izo « Is 
and also Ico X Iz. Use Eq. (6-35) and use the approximation In (1 + 2) = & for 
z<«1. 

17-19 a. Proceeding as outlined in Prob. 6-22, verify that the collector saturation 
resistance Rcr(sat) may be calculated from 


Ren(sat) = aVrl — avar 
In an 


b. Calculate Rcx(sat) for a germanium transistor with a, = 0.78, av = 0.98, and 
Ip = 2 mA at room temperature. 

17-20 a. Verify Eq. (17-22). Hint: Use Eqs. (6-33) and (6-34) to calculate 
Vox. Find \dVcx/dI x\rx and then set In = 0 and Iz = 0. 

b. Find r, for a germanium transistor with the following parameters: 4 = 1, 
T= 25°C, Ico = 138 BA, Iso = 1.0 pA, a= 0.7, and an = 0.9. 

c. Find r, for @ silicon transistor with the following parameters: 7 = 2, a; ~ 0, 
ay +0, Ico = 2.0 nA, Iso = 2.0 nA, and T = 26°C. 
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17-21 a. In the chopper amplifier circuit of Fig. 17-23a the switch S; is a tran- 
sistor as in Fig. 17-24d. The transistor gating signal is a symmetrical square wave 
which drives the transistor between saturation and cutoff. The switch S, is identical 
to S, and the two switches go on and orr synchronously. The transistors have offset 
voltages of 0.3 mV and offset currents of 1 nA (silicon). The total resistance 
Rex(sat) +r, +r, = 14 Q (Fig. 17-262). The series resistor R = 100 K. The 
capacitance C is arbitrarily large. The a-c amplifier has a gain of +100, an infinite 
input impedance, and an output resistance of 1 K. The input is shorted (vs = 0). 
Find the voltage levels of the waveforms »;, v4, and ». What is the average value of 
the output voltage’ v,? : 

b. Repeat part a for the case where the input is a constant voltage vs = 10 mV. 

17-22 In the chopper shown, the gating signals applied to the two transistors 
are of such polarity that when Q1 is on, Q2 is orF and vice versa. In this respect the 
circuit is different from the balanced chopper circuit of Fig. 17-28, where the transistors 
go on and orr together. Nonetheless, show that in the present circuit the offset 
voltages and currents will cause no error. 

Suppose that it was necessary to couple the output of the chopper to the input of 
the amplifier through relatively long unshielded leads. Explain why the present circuit 
would have an advantage over the circuit of Fig. 17-28 with respect to minimizing 
stray pickup (60 Hz, etc.). os 


Prob. 17-22 Prob. 17-23 


17-23. In the figure, the circuit of Fig. 17-37 is represented with some simplifica- 
tion. The leakage compensation diode is omitted and it is assumed that leakage is 
negligible. The combination of the switch S and the resistor r represents the FET. 
The input is either a constant voltage of magnitude. V or a current of magnitude J. 
The resistor R; is the input resistance of the amplifier, and the capacitance C coupling 
the FET to the amplifier input is arbitrarily large. The on and orr times of the FET 
are equal and hence the current through C during these two intervals must be the same, 
Why? 

a, Let the input be a fixed voltage V; let R = 3 K, r = 600 Q, and R; = 1 K. 
Calculate the gain of the chopper. The gain is defined as the ratio of the peak-to-peak 
output waveform », to V. 

b. Show that if the input is a fixed current J the current gain is always 2, provided 
that the orr resistance of the chopper is much greater than the input resistance of the 
amplifier. The current gain is the ratio of the peak-to-peak current through R; to J. 
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CHAPTER 18 


18-1 It is desired to use the scaling circuit of Fig. 18-1 to generate the sequence 
of four equal-duration gating voltages shown. From the waveform chart of Fig. 18-2 
show how the flip-flop outputs may be combined with logic circuits to produce the 
required waveforms. 


: 


Prob. 18-1 


18-2. Show how to use the scaling circuit of Fig. 18-1 to generate a set of 16 
sequential gating voltages. Keep in mind that in the circuit of Fig. 18-1 there are 
available not only the waveforms of Fig. 18-2 but their complements as well. 

18-3 Consider a cascade of four binaries connected as a reversible binary counter 
and initially at the registration of 15. From this initial state draw the waveform chart, 
showing the progress of state changes of the binaries with each of the next three input 
pulses. 

18-4 A preset feature is to be added to the binary chain of the type shown in 
Fig. 18-1. By means of pushbuttons the counter is to be preset so that it delivers an 
output pulse when the input count reaches 100. Draw a schematic diagram of the 
circuit, showing where the pushbuttons are located, and explain the operation of the 
counter. .How many counter stages are required? - 

18-5 Draw a scale-of-4 binary with feedback of the type indicated in Fig. 18-5 
which will reduce the circuit to a 3:1 counter. Explain the operation of the circuit 
with the aid of a waveform chart. 

18-6 Draw a scale-of-8 binary with feedback of the type indicated in Fig. 18-5 
which will reduce the circuit to a 5:1 counter. Explain the operation of the circuit 
with a waveform chart. 

18-7. Draw a block diagram of a binary-counter chain, including feedback loops, 
so that the system becomes (a) a 159:1 counter, (b) an 83:1 counter, and (c) a 131:1 
counter. 

18-8 Repeat Prob. 18-5 using feedback of the type indicated in Fig. 18-7. 

18-9 Repeat Prob. 18-6 using feedback of the type indicated in Fig. 18-7. 
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18-10 The decade counter circuit of Fig. 18-72 whose waveform chart appears in 
Fig. 18-76 is built with vacuum-tube binaries. The circuit shown is used to keep count 


of the registration. In this diagram Po. * + + Psq represents the plate of the left-hand 
flip-flop tube, where the output is P, -- - ¥3. Similarly, Py --- Py represents the 
plate of the right-hand flip-flop tube, where the output is Y, --- Y;. For flip-flops 


B1 through B3 the outputs are 135 or 55 V as shown, depending on the binary state. 
Flip-flop BO is slightly different, as shown. The situation shown in the figure cor- 
responds to the case where the counter is set to zero. The numbered circles represent 
neon bulbs with breakdown voltages of 65 V and maintaining voltages of 55 V. Show 


(135 V) 


Prob. 18-10 
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that in each state of the counter only one neon tube will glow, namely, the one which 
gives the correct registration of the counter. 

18-11 Verify the waveform chart of Fig. 18-8. 

18-12 Design a decade counter in the manner of Fig. 18-8 using anp gates but no 
feedback which will yield a waveform chart as in Fig. 18-7. (Disregard the transient 
transitions in Y, and Y» at pulse 4 and 6, respectively.) 

18-13 A possible means of converting a scale-of-16 counter to a scale-of-10 is 
shown. Assume that the binaries use n-p-n transistors or vacuum tubes. Assume 
that the positive pulse fed back through.C3_1 is effective in causing a transition but that 
otherwise only negative pulses are effective. Show that the count proceeds in the 
normal fashion (without feedback) up to and including the ninth input pulse. Show 
that the feedback causes the counter to be reset at the tenth input pulse. 


From tap on collector Cos 
(plate) resistor of . 


A(VOA) To base (grid) 
en SS Lo Q3A(V3A) 


From tap on collector 
(plate) resistor of 


of Q1B(V1B) Cu Q3A(V3A) 
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18-14. Draw a waveform chart for the high-resolution counting circuit of Fig. 
18-11. Assume initially that all binaries are in the state Y = 0. 

18-15 Show, in block-diagram form, how the vernier counting system of Fig. 
18-13 may be modified for use in the case where both the start and stop pulses are 
randomly timed with respect to the clock pulse. That is, modify the system for exter- 
nal synchronization. ; 

18-16 The tunnel-diode flip-flop cirouit of Fig. 18-17 has Vry = 1.5 V, Ri = 909, 
R = 50 Q, and L = 170 nH. The tunnel diodes are of the type 1N3858, for which 
nominally Jp = 10mA, Jy = 1.2mA, Vp = 70 mV, Vy = 350 mV, and Vr = 550 mV. 
The shunt capacitance across each tunnel diode is about 8 pF. Assume that the volt- 
ampere characteristic of a tunnel diode is piecewise linear (Fig. 13-11). 

a. Calculate the quiescent voltages in the circuit in each of the stable states. 

b. Estimate the transition time and settling time of the circuit. 

c. Estimate the order of magnitude of the maximum frequency at which the circuit 
may be triggered. 

18-17 A dekatron tube is used to count the positive pulses from a 2-kHz gen- 
erator. This generator triggers a monostable multi which delivers 100-usec-wide pulses. 
The output from one plate of the multi is connected through an RC differentiating 
circuit (R = 330 K and C = 300 pF) to the guide No. 2 electrodes. The output from 
the other multi plate is similarly connected to the guide No. 1 electrodes (with 
C =0.1 pF). The remainder of the circuit is as indicated in Fig. 18-25 except that no 
positive bias is used. Assume that the maintaining voltage is 190 V. It is found 
experimentally that the quiescent guide voltage is +10 V (due to the ionization in the 
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neighborhood of the conducting cathode) and that: the glow will transfer from a guide 
to the nearest cathode when the guide voltage reaches +25 V. 

a. Sketch, to the same time scale, the waveforms at the input at 1G and at 2G. 
Assume a swing of 100 V at each multi plate. 

b. Explain carefully the operation of the circuit. 

c. Sketch the output waveform. Calculate the peak value of this voltage. 

d. Find the minimum allowable value of the coupling capacitance to guide No. 1. 
Sketch the voltage waveform at 1@ when this minimum value of C is used. 

18-18 a. Both diodes in the storage counter circuit of Fig. 18-33 are reversed. 
Explain the operation of the circuit if the input polarity remains negative. . Sketch 
the output waveform. 

b. Prove that Eq. (18-4) is valid for the circuit of part a. 

18-19 a. A storage counter uses a thyratron comparator as a switch to discharge 
C2 in the cireuit shown. The thyratron grid-control ratio is 8 and the tube drop is 
15V. IfC. = 10 C;, and if the circuit is to function as a 5:1 counter, what is the value 
of V? 

b. What is the peak value of the output pulse? 


Output 
pulse 
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18-20 Consider the bootstrap storage counter of Fig. 18-38, but with both diodes 
reversed. The input pulses are negative and have a width equal to approximately 
25 percent of the interval between pulses. Plot, to the same time scale, the waveforms 
at the input, the grid, and the output if (a) C. = 0, (6) Cy is small, and (c) C; is large. 
Assume that a steady-state condition is reached between pulses even for case c. Show 
the overshoot at the end of the pulse due to the discharge of Ci. If this circuit is to 
be used as a staircase generator, then the output should be taken from the grid via 
another cathode follower. Why? 

18-21 Consider the bootstrap storage counter in Fig. 18-38, but with both diodes 
reversed. Neglect grid current and assume that the initial voltage is zero and the 
corresponding output voltage is V,. The gain of the cathode follower may be taken 
as unity. The input is a square wave whose value’ is V volts for one half cycle and 
0 V for the other half cycle. , . 
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a. Prove that the output is constant at V. if V < Vo. 

b. Prove that, if V > Vo, the nth step is given by Av, = —[(V — V.)Ci/(C1 + C2)]. 

c. If V = 3.0 V, Vs = 1.0 V, and C, = C2, draw the waveforms at the input, at 
the junction of the two diodes, at the grid, and at the output. 

18-22 Consider the bootstrap storage counter of Fig. 18-38. The cathode fol- 
lower has a gain A <1. Assume that the grid voltage starts at a value V’ and that 
the grid base of the triode is negligibly small. 

a. Prove that the voltage after the nth pulse is 


= ae _ eens — y’ Jn 
eT A € ay v') x 
where x = 1 — (1 — A)[Ci/(C. + C2)]. 
b. Prove that if the gain A approaches unity, then the above expression for 
reduces to % = V’ + nVC1/(Ci + C2). Interpret this equation physically. 
c. If V = 100 V, V’ = 0, and C2 = 9C4, find the size of the first and eleventh 
steps in voltage. Compare these values with those obtained if no feedback is used. 
18-23 The capacitor C: is shunted by a resistor # in a storage counter in order to 
convert the circuit into a frequency or capacitance meter. The amplitude of the posi- 
tive pulses is V. The pulse width is small compared with the interval T = 1/f between 
pulses. Prove that the average output voltage under steady-state conditions is given by 


VRCif 
1 + [(C1/C2)/( — €77/F2)] 


If C, > C, and RCif « 1, show that the above relationship reduces to Eq. (18-16). 

18-24 The circuit shown is used as a simple capacitance meter. The voltmeter 
resistance is R. 

a. Prove that the average output voltage is Va. = RCfV(1 — e—T3/RC), where f is 
the frequency of the input waveform. : 

b. If RC « T., prove that the voltmeter may be calibrated to read directly in 
capacitance values. 

c. The voltmeter has a 50-A movement and its resistance is 10 K. The pulse- 
generator duty cycle is T:/T = qs. Choose T = 10RC. To what value must the 
pulse amplitude V be adjusted? 

d. Range switching is accomplished by changing the frequency of the pulse gener- 
ator without changing its duty cycle or amplitude. Find the generator frequency for 
a full-scale meter reading of (1) 1,000 pF, (2) 0.01 uF, and (8) 0.1 uF. 


Va = 


D-c 
voltmeter 


a a ; 
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: 18-25 It is desired to store a voltage on a capacitor C and to “read out” through 
a cathode follower. 
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a. If C = 0.01 pF and the voltage across the capacitor is 50 V, how much grid 
current tan be tolerated if the voltage is to change by no more than 0.1 percent in 1 sec? 
b. What is the effective leakage résistance across C in part a? 


CHAPTER 19 


19-1 a. By proceeding as in Fig. 19-2, verify the synchronization results depicted 
in Fig. 19-3. 
b. Show that the dividing curve between the regions 


T. 
= d —~=n+i1 
7 n an T, n 


where n is an integer, is given by nT,/T, = 1 — V,/V,, where V, is the pulse amplitude 
and V, is the unsynchronized sweep amplitude. Obtain this result by considering the 
geometry of Fig. 19-2. 

19-2 A free-running relaxation oscillator as in Fig. 19-1 has a peak-to-peak signal 
amplitude of 100 V and a period of 1,200 usec. Synchronizing pulses are applied to 
8 of such amplitude that the switch breakdown voltage is lowered by 50 V at each 
pulse. The syne pulse frequency is 4kHz. What are the amplitude and frequency of 
the synchronized oscillator waveform? 

19-3 a. The relaxation oscillator of Fig. 19-1, when running freely, generates an 
output signal of peak-to-peak amplitude 100 V and frequency 1 kHz. Synchronizing 
pulses are applied of such amplitude that at each pulse the breakdown voltage is 
lowered by 20 V. Over what frequency range may the sync pulse frequency be varied 
if 1:1 synchronization is to result? 

5. Jf 5:1 synchronization is to be obtained (f,/f, = 5), over what range of fre- 
quency may the pulse source be varied? 

19-4 Pulses from a high-impedance source are applied through a small capacitance 
to one base of a symmetrical astable multi. Show that if 1.57, < T, < 2T,, then the 
multi waveform will consist of alternate cycles which are not alike. Show that the 
same result is obtained if a tube multi is considered. ; 

19-5 A symmetrical astable tube multi has a free period of 1,000 usec. The grid 
waveform drops from ground potential to —110 V abruptly and then increases linearly 
to the cutin voltage of —10 V in one half cycle. Positive pulses whose spacing is 
150 usec are applied to one grid through a small capacitance from a high-impedance 
source. Calculate the minimum amplitude of the pulses such that the multi period 
after synchronization is (a) 900 usec and (b) 600 usec. Assume that the timing portion 
of the grid waveform is linear. | 

19-6 A symmetrical astable multi using germanium transistors and operating 
from a 10-V collector supply voltage has a free period of 1,000 usec. Triggering pulses 
whose spacing is 750 usec are applied to one base through a small capacitor from a 
high-impedance source. Find the minimum triggering pulse amplitude required to 
achieve 1:1 synchronization. Use Table 6-1 (page 219) and assume that the timing 
portion of the base waveform is linear. 

19-7 a. A symmetrical astable multi using silicon transistors operates from a 
collector supply voltage of 12 V. The multi has a free period of 1,000 usec. Pulses 
whose spacing is 150 usec are applied to one base through a small capacitor from a 
high-impedance source. Calculate the minimum pulse amplitude so that the multi 
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period after synchronization is 750 usec. Assume that the timing portion of the base 
waveform is linear and use Table 6-1 (page 219). , 

b. The pulses are applied at the base of Ql. However, because of instability in 
components in the base circuit of Q2, the portion of the multi cycle which terminates 
when Q2 goes on exhibits a fluctuation of +50 usec. What is the range of sync pulse 
amplitude required to maintain synchronization? 

19-8 A symmetrical astable germanium transistor multi operating from a 12-V 
collector supply has a free-running frequency of 500:Hz. Pulses of 0.5 V amplitude 
from a high-impedance source are applied to one base. Assume that the timing por- 
tion of the base waveform is linear and use Table 6-1 (page 219). (a) If 1:1 synchro- 
nization is to be obtained, over what range may the pulse frequency be varied? (6) If 
3:1 synchronization is to be obtained (f,/f, = 3), over what range may the pulse fre- 
quency be varied? 

19-9 Repeat Prob. 19-8 for a tube multi. The plate swing is 110 V and cutin 
occurs at —10 V. The pulses are applied to one grid from a high-impedance source 
and have an amplitude of 4.0 V. 

19-10 A symmetrical astable multi is synchronized with pulses from a high- 
impedance source applied to one base (or grid). Draw a diagram, analogous to Fig. 
19-3, showing the range of synchronization as a function of the pulse amplitude and 
frequency. 

19-11 Frequency division of 6:1 is obtained with an astable multi: negative pulses 
are applied simultaneously to both bases of the n-p-n transistors (or grids of the tubes). 
The orF time of Q1 (V1) is twice that of Q2 (V2). Sketch the waveshapes at B, (G1) 
and B» (G2), showing the superimposed pulses. 

19-12 Positive pulses are applied through a small capacitance to B, of a sym- 
metrical astable multi using n-p-n transistors. The pulses are supplied by a low-im- 
pedance generator. It is found that the time interval required for the complete multi- 
vibrator waveform is five times the interval between pulses. An examination of the 
base waveforms shows that the termination of the orr period of Q1 does not take place 
at the occurrence of a pulse. Sketch the waveform at both bases and show the pulses 
superimposed on these waveforms. Explain the operation of the circuit. 

19-13 A symmetrical multi is synchronized with positive pulses applied to 
one base of an n-p-n transistor (or to the grid of a tube). The free-running period 
T, = 6.87, where 7; is the period of the pulse source. Make a rough plot of the ratio 
T,/T, a8 a function of pulse amplitude, where T, is the period of the synchronized multi. 

19-14. a. A monostable multi using p-n-p transistors has a gate width of 
1,200 psec. Positive pulses from a 4-kHz source are applied to one base. Sketch 
the resulting base and collector waveforms. 

b. Negative pulses from a low-impedance 4-kHz source are supplied to one base 
through a small capacitor. The synchronized multi is now found to have a period of 
750 usec. Sketch the resulting base and collector waveforms. 

19-15 a. With respect to Fig. 19-9, assume that V. and V; remain constant but 
that V; is variable. Prove that the percent change in period T, is y times the percent 
change in V, — V;, where 


_Vve- Vi 1 
~ Vy— Vein (Vs — VO/(Vs — Vol 

b. The initial level V, may be taken as zero, with no loss in generality. Why? 
If V; = 0 and V./V; «1, show that y ~ 2V,/(2V,;+ V.). Note that y—1 as 


y 
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V;— and that y decreases as V, decreases. What is the physical interpretation 
of this result? 

c. If V. = 100 V, calculate y first for V; = 300 V and then for V; = 150 V. 

19-16 In the relaxation circuit of Fig. 19-1 the switch S is the unijunction tran- 
sistor whose characteristics are given in Fig. 12-7. The circuit is to be used as a 3:1 
divider for pulses which occur at a 2,500-Hz rate. The available supply voltage is 30 V. 
The pulses are applied at B, (base 2). Draw the circuit and calculate reasonable 
values for the components and for the pulse amplitude. 

19-17 Repeat Prob. 19-3a with the modification that the synchronizing signal is 
one which causes a sinusoidal variation of the breakdown voltage of peak-to-peak value 
20 V. 

19-18 Repeat Prob. 19-8 with the modification that the synchronizing signal is 
sinusoidal and of peak-to-peak value 1.0 V. 

19-19 Repeat Prob. 19-9 with the modification that the synchronizing signal is 
sinusoidal and of peak-to-peak value 8.0 V. 

19-20 A sweep-voltage generator of a CRO uses a thyratron as the switch in the 
circuit of Fig. 19-la. The sweep has a free-running period of 210 usec. The waveform 
applied to the vertical amplifier is a 10-kHz sinusoid. The sync attenuator is set so 
that 2 V peak-to-peak is applied to the grid. The grid-control ratio is 10. (Ina thyra- 
tron the decrease in breakdown voltage is fairly linear with the increase in grid-to- 
cathode voltage. The ratio of the magnitude of the change in breakdown voltage to 
the change in grid voltage is called the grid-control ratio.) If two cycles of the input 
sinusoidal waveform are seen on the CRO, calculate 

a, The amplitude of the synchronized sweep, if the amplitude of the free-running 
sweep is 105 V. 

b. The phase at which the sinusoid on the CRT face begins. (Zero phase is to be 
considered the phase where the input waveform crosses the zero axis and is increasing 
with time.) ; 

19-21 a. A relaxation oscillator as in Fig. 19-la generates the repeated ramp 
shown. The free-running period of the ramp waveform is T and its amplitude is Vz. 
A symmetrical synchronizing signal is applied to the switch S of such form that the 
breakdown voltage has the waveform vp consisting of linear segments. The period of 
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the synchronizing signal is also T and its peak-to-peak amplitude is Vs. In the steady 
state the rising ramp will intersect the waveform vp at a time ¢, in each cycle when 
vp = Veo. Assume initially, however, that in the zeroth cycle (when the syne signal 
is first applied) the intersection occurs at a time which is earlier than ¢, by the amount 
T,. After one cycle the intersection will occur prematurely by a time 7), in the second 
cycle by a time T2, etc. Show that in the nth cycle 


T, = T, _ ve \Y 
Vet2Vs 


b. Show that the result in part ais consistent with the expectation that the approach 
to the steady state is more rapid with async voltage of larger amplitude. If2V,=0.1Ve, 
how many cycles will be required to reduce any initial premature time of intersection 
to 1 percent of its initial value? 


CHAPTER 20 


20-1 A 20-mA current step is applied in the forward direction to a germanium 
diode operating at room temperature. The voltage across the diode has the form shown 
in Fig. 20-1c. The rise time (10 to 90 percent) is 100 nsec. Estimate the diffusion 
capacitance of the diode at a current of 20 mA. 

20-2 A 50-mA current step is applied to a diode in the forward direction. The 
voltage across the diode has the waveform shown. Assume that the diode may be 
represented by a series combination of a resistance r in series with an inductance L and 
that this combination is shunted by a capacitance C. Estimate the values of the 
parameters r, C, and L. Hunr: Calculate C from the initial rate of rise of the diode 
voltage. To estimate L, use Fig. 5-3. 


50 nsec t 
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20-3. Verify Eq. (20-11). 

20-4 Avoltage Vr = 10 Vis applied through a resistor R = 10 K to a diode long 
enough for a steady state to have been reached. Att = 0 the voltage changes abruptly 
to -Vr = —5V. The lifetime of minority carriers in the diode ist = 1.0 psec. The 
combined diode transition capacitance and external shunt capacitance across the diode 
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is 20 pF. Assume that when the diode is forward-biased, its voltage is zero. Draw 
the waveforms of the diode voltage and of the current through the 10-K resistance. 

20-5 The voltage waveform shown is applied through a 10-K resistance to the 
diode described in Prob. 20-4. Draw the waveforms of the diode voltage, the chatge 
stored in the diode, and the current through the 10-K resistance. 


-10+——- 
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20-6 The voltage waveform shownis applied through a 10-K resistance to the diode 
described in Prob. 20-4. (a) Calculate the stored charge at = 2 usec, just before the 
input signal reverses. (b) Calculate the diode charge storage time. (c) Draw the 
waveforms of the diode current, the stored charge, and the current through the 10-K 
resistor. 


t, usec 
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20-7 In the circuit of Fig. 20-8a the diode is a snap-off diode and an abrupt 
change in voltage is developed across R = 50 2 when the diode snaps off. The signal 
source »; is sinusoidal of amplitude 10 V and frequency 10 MHz. The diode has a stor- 
age time constant r = 50 nsec. Find the amplitude of the step generated when the 
diode snaps off. 

20-8 In the circuit of Fig. 20-10, Ve = 10 V, ~Vrk = —5 V, the diode has a 
storage time constant r = 0.5 usec, and R = 5 K. (a) Find the value of C which will 
just remove all the stored charge in response to the negative input voltage step. Draw 
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the waveform for »,. (6) Find the value of C which provides charge compensation. 
(c) Draw the output waveform for the cases where C is 10 percent larger and also 
10 percent smaller than the value which yields charge compensation. (d) With C set 
at the value which yields charge compensation with R = 5 K, draw the output wave- 
form for the cases R = 4 Kand R = 6 K. 

20-9 Inthe circuit of Fig. 20-10, Vr = 8V, ~Va = —12V,R =1K,C = 30pF, 
and the diode time constant is 0.1 usec. Draw the waveform of v, and v. 

20-10 (a) In the circuit of Fig. 20-10, Vr = 10 V, —Vr = —20V,7 = 0.1 psec, 
R=1 K, and C = 100 pF. The combined transition capacitance of the diode and 
the shunt capacitance across the diode is 10 pF. Draw the waveforms », and v. (6) 
Repeat part a if C = 90 pF and if C = 110 pF. 

20-11 The diode D has an effective minority-carrier lifetime 7. The input is a 
square wave operating between the levels Vr and —Vz. Assume that Ve is of large 
enough magnitude to turn the diode off. Verify that the value of C required for charge 
compensation is 


_ __+(Vr/R + V/Ry) 
Vp + Va + V)R/(R: + B) 


Verify that C reduces to its proper value for the special case 2, = ~. 
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20-12 «a. A negative pulse of duration 7, starting at the level 0 V, dropping to 
—10 V, and then returning to 0 V is applied’as the input to the circuit in Prob. 20-11 in 
which R = R, = 2 K, V = 2 V, and the diode lifetime is r = 10 ysec. Assume 
C = 0 and draw the output waveform », for T = 10 usec and for T = 1 psec. 

b, What value of C will charge-compensate the circuit? 

c. Draw v, if C is 20 percent larger and 20 percent smaller than the value of C 

_ required for compensation. Assume T = 10 usec. 

20-13 a. Consider the circuit of Fig. 20-11 with R, = 5 K, R = 10K, C = 100 pF, 
and the effective lifetime for the diode r = 1 wsec. The input square wave is sym- 
metrical of frequency 100 kHz and with Vr = Ve = 15 V. Calculate the output 
waveform v, across R and sketch to scale. 

b. Modify the circuit by the inclusion across R, of a 200-pF capacitor. Draw 
the output waveform ». 

20-14 In connection with the illustrative problem on page 764, show that if the 
capacitance C is arbitrarily large the storage time is ¢, = In (1 + $) ~ 0.12 usec. 
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20-15 For the circuit and input signal shown in Fig. 20-11, verify that for ¢ > 0 


and until the charge is reduced to zero the charge is given by 


- “tte (,- 2 T Z 
R+R Tv 


ROT (Vet Vat yy 
R,r—-T R,+R 


where 7 is the diode stored-charge lifetime and T = RR,C/(R, + R). 

20-16 Consider the circuit of Fig. 20-11 with R, = R = 10 K, C = 400 pF, and 
with a diode storage time constant r = 1 wsec. Draw and dimension the output wave- 
form », if the input v,; is a pulse which’starts at 0 V, rises abruptly to 20 V for 10 usec, 
and then returns abruptly to 0 V again. 

20-17. Draw. the output waveform. Calculate all voltage levels and time con- 
stants. The diode has a storage time constant 7 =. 1 psec. 


100 pF 
o—pt—| 
30V - + 
| | 30K Vo 
OV ~ 
2 usec aa 
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20-18 Draw the output waveform. Calculate all voltage levels and time con- 
stants. The diode has a storage time constant 7 = 2 usec. 


Prob. 20-18 


20-19 A transistor operates with a supply voltage Vec = 10 V. It is kept at 
cutoff through the application of —5 V to the base through aresistance R = 25K. The 
emitter and collector transition capacitances are given by 


14 20 


C. = ———— oF Fe eee 
me (etoar Cre = EOS) 


pF 


in which Vz and Vc are the magnitudes, respectively, of the externally impressed 
reverse-bias voltages across the emitter and collector junctions. The input signal is 
changed abruptly from —5 to +25 V to bring the transistor into its active region. 
(a) Caleulate the total charge which must be delivered to the base to bring the transis- 
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tor out of cutoff, where Vz ~ 0 V. (0) Assume that the base current is constant 
during this interval (estimate a reasonable value), and calculate the time required to 
bring the transistor out of cutoff. (c) Repeat part 6 assuming that the transition 
capacitances are constant (at their maximum values), 

20-20 A transistor, initially just at cutoff with a base-to-emitter voltage nearly 
zero, operates with Voc = 12 V and R,=1 K. A positive step input voltage is 
applied through a 10-K resistance to the base. The upper level of the input signal is 
10 V. It is found that the transistor reaches saturation in 0.3 usec. The transistor 
has hex = 30 and a collector transition capacitance of 10 pF. What is the common- 
emitter gain-bandwidth product fr of the transistor? 

20-21 A transistor has fr = 50 MHz, hrz = 40, C, = 3 pF, and operates with 
Veo = 12 V and RF, = 5000. The transistor is operating initially in the neighborhood 
of the cutin point. What base current must be applied to drive the transistor to 
saturation in (a) 1 usec, (6) 100 nsec, and (c) 10 nsec? 

20-22 Verify Eq. (20-25) for the rise time in terms of the overdrive factor Ni. 

20-23 Verify Eq. (20-33). 

20-24 The silicon transistor has hrz = 60, wr = 100 MHz, Cy, = 9pF, Ca» = 6 pF, 
andr, = 20 nsec. Calculate (a) the time ¢z: to bring the transistor to its active region 
(neglect tg, the minority-carrier transit time), (b) the time fas for the collector cur- 
rent to rise to 10 percent of its final value, (c) the 10 to 90 percent rise time t,, 
(d) the time required for the collector current to complete the last 10 percent of its 
approach to saturation, (e) the storage time #1, (f) the time ¢,2 for the collector 
current to fall to 90 percent of its saturation current, (g) the 90 to 10 percent fall 
time f;. : 


250 Q 
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20-25 Find the roots of the transform of A/z:(s) in Eq. (20-36). Consider as 
typical that avo = 0.99, azo = 0.5, and that wy > 10w,;. Show that for these typical 
values the nonzero roots are given approximately by Eqs. (20-37). 

20-26 Verify Eq. (20-38). Hunt: The transform A/Z,;(s) has three simple roots: 
s = 0, 8, and s.. Take advantage of the fact that |si| <« |s:|. 

20-27. Verify Eq. (20-40). 

20-28 Verify Eq. (20-41). 

20-29 (a) A transistor operating from a 20-V supply and with a 2-K collector load 
has these parameters: bre = 50, avo = 0.98, faw = 50 MHz, fa; = 5 MHz, and 
aro = 0.5. A pulse which operates between the levels —5 and 5 V is applied through 
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a 5-K resistor to the base of the transistor. Find the storage time. (6) Find the 
storage time if the pulse operates between the levels 0 and 5 V. 

20-30 A sinusoidal voltage is applied to: the diode-resistor circuit. Sketch 
qualitatively the waveform », for the cases in which D is (a) an ideal diode, (6) a 
diode with charge storage but no shunt capacitance, (c) a diode with capacitance C 
but no storage, (d) a diode with both capacitance and storage. Assume that RC is 
much less than the period of the input signal, so that when the diode is orr the circuit. 
acts as a differentiator. Also assume Ry; = 0, R, = ©, and Vy = 0. 


D : 

+ 
Ms a8 
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20-31 a. In the circuit of Fig. 20-20, Vec = 20 V, R, = 1 K, and the transistor 
has 7, = 0.1 usec and hrg = 50. The amplitude of the input signal V is 0.5 V. It is 
required that in response to this input signal the collector voltage shall change 5 V in 
the fastest possible time. Neglect the base-spreading resistance and all junction and 
stray capacitances. Calculate R and C. 

b. Draw the collector voltage waveforms for the cases in which RP is set as in part a 
but C is selected as first one-half and then twice the value in part a. 

c. Draw the collector voltage waveforms for the cases in which C is set as in part @ 
but 2 is selected as first one-half and then twice the value in part a. 

20-32 a. In the circuit of Fig. 20-20, Vee = 20 Vand R. = 2K. The transistor 
has 7, = 0.1 usec and hre = 60. The base-spreading resistance and the transistor 
junetion capacitances are to be neglected. The input is a step of amplitude 1 V. 
Select R and C so that the collector current shall make an abrupt change of 5 mA 
and maintain itself at the new level. The transistor remains in the active region 
throughout. ; 

b. The resistance R is increased so that it is larger than is appropriate for charge 
compensation in part a. Write the differential equation for the base charge. Find 
the time required for the collector current to decay 90 percent of the current range 
from its peak value to its steady-state value. 

20-33 a. An n-p-n common-emitter transistor switch operates with Voc = 10 V 
and R, = 1K. The transistor has hrz = 50, 7, = 1.2 usec, andr, = 0.5 wsec. The 
switch is driven on by a signal which makes an abrupt transition from —10 to +10 V 
and is applied to the base through a 5-K resistor. Neglect the time required to bring 
the transistor to the cutin point and calculate the time required to reach saturation. 

b. The input signal is reversed and makes a fast transition from +10 to —10 V. 
Calculate the time required for the transistor to come out of saturation and the time 
required for the transistor to reach cutoff. 

20-34 In the circuit of Fig. 20-21, Veo = 10 V, Vi = 2V,V.=1V, R, = 500Q, 
R = 2K, and C = 150 pF. The transistor has hrz = 40, 7, = 0.5 usec, andr, = 0.2 
usec. . The base-spreading resistance and transition capacitances of the transistor are 
to be neglected, and it is to be assumed that in the active and saturation regions the 
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base-to-emitter voltage is zero. Draw the output waveform vcs. Calculate the peak 
voltage attained and calculate the time required for the overshoot to decay to 10 per- 
cent of its initial value. 

20-35 In the circuit of Fig. 20-22, Vec = 15 V and R, = 1 K. The transistor 
has hee = hy. = 50, 7; = 0.4 wsec, and 7, = 1.2 usec. Neglect the transistor base- 
spreading resistance and junction capacitances. The input negative step has an upper 
level V = 5 V and the base resistor is R = 5 K. Calculate the total stored base 
charge Qr and calculate the value of C required for charge compensation. 

20-36 In the circuit of Fig. 20-23, Vec = 12 V, R, = 5002, R = 5 K, C = 200 
pF, and R, (which includes both the generator impedance and transistor base-spread- 
ing resistance) is R, = 1 K. The transistor has hye = hy. = 50, 7» = 1.0 usec, and 
tT, = 0.3 usec. The transistor junction capacitances are to be neglected. The input 
positive pulse has a duration of 10 usec and operates between an upper level of 5 V 
and a lower level of —1 V. 

a. Calculate and plot the base current on the assumption that the input imped- 
ance looking into the transistor is negligible for all times after the transistor initially 
comes out of cutoff, which occurs at Var ~ 0 V. 

b. Calculate the time to reach saturation. 

c. Calculate the storage time. 

d. Calculate the time required for the transistor to pass through the active region 
in returning toward cutoff. 

e. Using the results of parts c and d correct the base waveform of part a. 
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Adder-subtractor, 338-342 
Addition (see Binary addition) 
Amplifications, frequency and time response, 
11 
voltage and current, definitions, 9-12 
Amplifiers, 111-177 
cascaded stages, 132-139, 159 
flat-top response, 142-145 
rise-time response, 136-139 
comparison of rise-time ratios, 138-~ 
139 
transistor, high-frequency response, 
132-136 
gain-bandwidth product, 134-135 
optimum load, 134 
chopper, 647-649 
compensation, 147-166 
cascaded compensated stages, 159 
low frequency, 159-164 
cathode circuit rise-time compensation, 
164-166 
methods of rise-time compensation, 
158-159 
shunt (high frequency), transistor stage, 
in cascade, 152-159 
summary of formulas, 156 
tube stage, 147-151 
current feedback, 18-19, 576, 588, 590 
delay time of cascade, 137-138 
distributed, 171-177 
cascade of, 173-175 
practical considerations in, 175-177 
emitter follower (see Emitter follower) 
emitter resistor, effect on high-frequency 
response, 166-171 
general considerations, 111-115 
frequency response, 111-114 
square-wave testing, 115 
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Amplifiers, general considerations, step 
response, 114-115 
low-frequency response, emitter (cathode) 
bypass capacitor effect, 140-142 
RC-coupled stage, 116-119 
operational (see Operational amplifier) 
oscillation due to unbypassed emitter 
resistor, 169-171 
overdriven, two stage, 288-290 
RC-coupled, 115-121 
high-frequency response, vacuum-tube 
stage, 119-121 
gain-bandwidth product, 120 
upper 3-dB frequency, 126 
low-frequency response, 116-119 
sensitivity to phase shift, 118-119 
resistance-coupled (see RC-coupled above) 
square-wave response, 114-115 
transistor stage, 121-136 
current gain, resistive load, 126, 127 
excess phase factor, 125 
gain-bandwidth product, 129-130 
short-circuit current gain, 121-126 
short-circuit current-gain—bandwidth 
product, 123-125 
experimental determination, 125 
source impedance, effect on response, 
128-131 
summary of formulas, 131 
transient response, 131-132 
rise-time constant, 132 
video, 111 
Amplitude comparators (see Comparators) 
Analog-to-digital converter, 674-675 
AND circuit, 317-321, 630, 632, 678, 680, 
681 
Astable circuits (see Multivibrator, astable; 
Negative resistance, circuits) 
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Attenuators, 50-54 
compensated, 50-54 
continuously variable, 54 
Avalanche diode, 185-189, 562, 576, 590 
temperature coefficient, 187 
temperature compensated, 189 
Avalanche transistor (see Transistor, 
avalanche) 


Backward diode, 455-457 
Bandwidth, 113, 122 
Base-spreading resistance, 7 
Beam-switching tube, 701-706 
Beam-X switch, 701-706 
Binary, commutating capacitor for, 375-378, 
791-792 
hysteresis in, 391, 393-394, 396, 402 
operation of system, 307-312 
number system, 308-309 
Binary addition, 338-343 
flow chart, 341-342 
parallel, 339-340 
serial, 341 
three-input circuit, 342-343 
Binary circuit, 362-403 
cathode-coupled, 394-396 
(See also emitter-coupled below) 
commutating capacitor, 375-378, 
791-792 
counters (see Counters) 
direct-connected, 388-389 
dynamic, 348-349 
emitter-coupled, 389-394, 396-402 
(See also cathode-coupled above) 
four-layer diode, 499-500 
nonsaturating, 379-380 
resolving time of, 376-378 
methods of improving, 378-380 
Schmitt trigger circuit, 389-394 
applications, 391-393 
hysteresis, 391, 393-394, 396, 402 
set-reset-trigger (SRT) input, 344, 384 
settling time of, 377, 690 
stable states, 362-364 
transistor, fixed-bias, 367-371 
self-bias, 371-375 
transition time of, 377, 494 
triggering of, symmetrically, 385-388 
without diode or triode, 386-388 
unsymmetrically, 380-385, 691 
through unilateral device, 383-385 
tunnel-diode, 493-497, 687-692 
unijunction transistor, 504-506 


Binary circuit, vacuum-tube, 364-367, 
374-375 
(See also Negative resistance, circuits) 
Binary state, terminology, 308 
Binistor, 471 
Bistable circuits (see Binary; Negative 
resistance, circuits) 
Bit, 309 
Blocking oscillator, 597-621 
applications, 620-621, 707 
astable, 609-616 ; 
delay-line control of, 608 
duty cycle, 613, 616-617 
monostable, 597-609, 617-620 
period of, 611, 614-615 
pulse width, 600, 603, 607, 620 
rise time of, 608-609 
synchronization of, 717, 721 
transistor, 597-617 
triggered, 597-609, 617-620 
triggering, 605-606 
vacuum-tube, 617-620 . 
waveforms, 599, 602 
Boolean algebra, 306, 317 
identities, 316-317, 320-321, 325, 328- 
330 
Bootstrap sweep circuit, 535-536, 538-540, 
555-568 
Breakdown diode (see Diode, avalanche) 
Breakdown voltages in transistors, 198— 
203 
Buffer circuit, 313 


Capacitor, for binary, commutating, 375- 
378, 791-792 
speed-up, 375-378, 791-792 
transpose, 375-378, 791-792 
voltage variable, 742 
Carry time, 680 
Cathode follower with capacitive load, 
300-302 
Cathode interface resistance, 145-146 
Characteristics of tubes, 609, 809-814 
Charge-control analysis, 752-793 
diode, 754-757 
equations, 752-754, 780-782, 785-790 
RCTL switch, 792-793 
rise time, 783-787 ; 
storage time, 755-756, 762-765, 7°7-790 
transistor, 780-793 
Charge-storage diode, 757-761 
double-emitter transistor, 656-657 
Chopper amplifier, 647-649 


Choppers, field-effect transistor, 661-663 
transistor, 647-658, 663~-664 
balanced, 654-656 
(See also Gates, sampling) 
Clamping-circuit theorem, 270-272 
Clamping circuits, 262-281 
base or grid clamping, 277-278 
diode characteristic, effect, 275-277 
operation of circuit, 262-265 
with source and diode resistances, 
265-270 
practical circuits, 272-275 
synchronized, 278-281 
Clipping at two independent levels, 240-241 
Clipping circuits, 225-248 
cathode-coupled, 242-246 
diode, 226-232 
avalanche, 241 
emitter-coupled, 242-246 
temperature compensation of, 246-248 
transistor, 236-240 
vacuum-tube, 232-236 
bottoming, 235 
at clamp, 233-235 
at cutoff, 232-233 
pentodes, 235-236 
Coincidence circuit, 317 
Common-mode rejection ratio, 256 
Commutating capacitor for binary, 375— 
378, 791-792 
Comparators, amplifiers for, 249-251, 
256-259 
applications, 259-261 
avalanche transistor, 666 
breakaway diode and amplifier, 251-253 
diode, 248-255 
hot-carrier, 251 
diode-differentiator, 253-255 
emitter-coupled binary as, 392 
multiar, 621-626 
regenerative (see Blocking oscillator; 
Multiar; Schmitt trigger circuits; 
Tunnel diode) 
Schmitt circuit as, 392 
time-delay circuits, use in, 255 
tunnel-diode, 491-492 
Compensation, of amplifiers (see Amplifiers) 
of attenuators, 50-54 
Computer, digital, some features of, 306— 
307 
Conversion, analog to digital, 674-675 
decimal to binary, 309 
digital to analog, 674-675 
Core, magnetic, 81, 598, 606-608, 748— 
749 
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Counters, applications, 672-675, 712-713 
beam-switching, 701-706 
binary, 668-683 
carry time, 680-681 
resolution time, 682-683 
reversible, 671-672 
decade, 675-680 
dekatron, 698-700 
gas-tube, 698-700 
negative-resistance devices, 692-693 
ring, 693-698 
storage, 706~713 
trochotron, 701-706 
tunnel-diode, 687-692, 694-695 
vernier, 683~687 
(See also Synchronization) 
Current gain, short-circuit transistor, 8 
Cutin voltage, diode, 181 
transistor, 217 


D-c current gain of transistor, 207-208 
D-c inserter (see Clamping circuits) 
D-c restorer (see Clamping circuits) 
Darlington circuit, 562-563, 576-577 
Decade counter, 675-680 
Decoder application of diode matrix, 351- 
352 
Dekatron, 698-700 
Delay lines, distributed parameter, 798-799 
lumped parameter, 800-808 
(See also Transmission lines) 
Delay multivibrator (see Multivibrator, 
monostable) 
De Morgan’s laws, 328-330 
Differentiator, 38-42 
double, 40-42 
transmission line, 95-97, 759 
Digital-to-analog converter, 674-675 
Diode, avalanche, 185-189, 562, 576, 590 
backward, 455~457 
catching, 296-297 
charge-control! description of, 754-757 
charge-storage, 757-761 
cutin voltage, 181, 190, 192 
damper, 292-293, 594 
diffusion capacitance, 747, 755 
double-base (see Unijunction transistor) 
dynamic resistance, 187-188, 191-192 
four-layer, 460-465, 499-500 
hot-carrier, 761-762 
lifetime, minority carriers, 753-757 
matrices, 349-353 
ohmic resistance, 182 
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Diode, p-n junction, 179-185 
recovery time, 745-752 
reference, 189 
semiconductor, 179-185 
semiconductor-metal junction, 761-762 
small-signal equivalent circuit, 747 
snap-off, 757-761 : 
step-recovery, 757-761 
storage time of, 750-752, 755-756, 762— 
765 
temperature dependence of, 182-184 
threshold voltage, 181, 190, 192 
transition capacitance, 185 
transition time of, 750-752, 755-756 
tunnel (see Tunnel diode) 
vacuum, 189-192 
voltage-current relationship, semi- 
conductor, 179 
vacuum tube, 189 
Displacement error, 515 
Distributed amplifier, 171-177 
Divider, binary, 668-671 
frequency, 738-741 
(See also Synchronization) 
Double-base diode (see Unijunction 
transistor) 
Double-emitter transistor, 358, 656-657 


Ebers-Moll equations for transistor 
analysis, 212-218 
cutin voltage, 217 
cutoff region, 215-216 
derivation, 212-214 
junction voltages, 215 
open-circuited base, 216 
saturation region, 217-218 
short-circuited base, 216 
Eccles-Jordan circuit (see Binary) 
Electromagnetic delay lines (see Delay 
lines; Transmission lines) 
Emitter follower, 6 
with capacitive load, 302-305 
logic, 315-316, 320 
oscillations in, 304-305 
using complementary pairs, 304-305 
using compound transistor, 562 
Encoder application of diode matrix, 352- 
353 ; 
Equivalent circuit of active device, 5-9 
transistor, 5-8 
high-frequency small-signal, 7-8 
low-frequency small-signal, 5~7 
vacuum tube, small-signal, 8-9 


Excess minority-carrier charge, 752-757, 
762-765, 772-778, 780, 782 
EXCLUSIVE-oR circuit, 326-328 


Fan-in, 336, 355 
Fan-out, 336, 355 
Ferrite core, 81-82 
FET (see Field-effect transistor) 
Field-effect transistor, 658-663 
Flip-flop (see Binary) 
Four-layer diode, 460-465 
circuit applications, 497-500 
rate effect, 464-465 
Frequency division (see Synchronization) 


Gas tube, 519-520, 698-706 
Gates, linear (see sampling below) 
logic, 312-334 
AND, 317-821, 630, 632, 678, 680, 681 
with clamping diode, 319 
EXCLUSIVE-OR, 326-328 
INHIBITOR, 325-326, 630 
INVERTER (see NoT below) 
NAND, 330-334 
NOR, 330-334 
NOT, 321-325 
transistor limitations, 324 
oR, 312-317, 630 
sampling, 627-666 
bidirectional, 633-647 
capacitances, effect of, 641-642 
field-effect transistor, 661-663 
four-diode, 642-646 
six-diode, 646-647 
threshold, 628-631 
transistor, 633-634, 649-656, 663-664 
two-diode, 636-642 
unidirectional, 628-633 
switching (see logic above) 
transmission (see sampling above) ' 
Graphical calculation, tube circuit, 19-21 


High-pass RC circuit (see RC circuit, high- 
pass) 

Hot-carrier diode, 761-762 

Hybrid parameters, 5 

Hybrid-II transistor model, 7-8 

Hybrid transistor—-tunnel-diode circuits, 
494-497 

Hysteresis in binary, 391, 393-394, 396, 402 


Inductance and capacitance measurement 
from step response, 61-63 
INHIBITOR circuit, 325-326, 630 
Input impedance of transistor, in active 
region, 23~25 
clipping circuit, 237-240 
effect on voltage and current gains, 10 
in terms of hybrid parameters, 5 
Integrator, low-pass RC circuit as, 49-50 
INVERTER circuit, 321-324 


Kirchhoff’s laws, 3 


Latching voltage in transistors, 203-204 
Lifetime, minority carriers, 753-757, 782— 
783 
Limiting circuits (see Clipping circuits) 
Line (see Transmission lines) 
Linear gates (see Gates) 
Locked oscillator, 740-741 
Logic, circuit-conversion theorems, 334-335 
circuit packaging, 335-338 
current-mode (cmL), 358-359 
current-switching diode (cspL), 357-358 
diode (pL), 312-320 
diode-transistor (DTL), 330-334 
direct-coupled transistor (pcTL), 355-357 
emitter-coupled transistor (EcTL), 357-358 
emitter-follower (EFL), 315-316 © 
level, 309 : 
low-level (LLL), 357-358 
parallel, 311 
pulse, 310 
resistor-capacitor-transistor (RCTL), 353- 
355, 789-793 
resistor-transistor (rr), 353-355 
serial, 311 
synchronous, 310 
transistor-transistor (TTL), 358 
truth table, 312 
two-level, 336 
AND-OR-INVERT (AOI), 336-338 
Logic gates (see Gates, logic) 
Low-pass RC circuit (see RC circuit, low- 
pass) 


Miller effect, 14 

Miller sweep circuit, 536-538, 540-554 

Miller’s theorem, 12-15, 126 

Minority-carrier charge (see Excess 
minority-carrier charge) 

Modulator, 648,738 
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Monostable circuits (see Multivibrator, 
monostable; Negative resistance, 
circuits) 

Multiar, 621-626 

Multivibrator, astable, 438-451 
collector-coupled, 438-442 
emitter-coupled, 445-451 
period of, 440, 444-445, 448 
plate-coupled, 442-445 
synchronization of, 717, 721-725 
transistor, 438-442, 445-451 
tunnel-diode, 490-491 
unijunction transistor, 501-504 
vacuum-tube, 442-445 

bistable (see Binary) 
monostable, adjusted for free running, 
437-438 
cathode-coupled, 431-437 
collector-coupled, 415-422 
delay time of, 406-407, 415-417, 429, 
433 
emitter-coupled, 422-431 
gate width of, 406-407, 415-417, 429, 
433 
plate-coupled, 408-415 
recovery time, 413-415 
triggering of, 485-437 
transistor, 415-431 
ovr in, 419-420 
tunnel-diode, 486-490 
unijunction transistor, 521-523 
vacuum-tube, “408-415, 431-437 
overshoots in, 411-413 


NAND Circuit, 330-334 
Negative resistance, 452-513 
circuits, 473-513 
astable, 482-484, 490-491, 494-498, 
500-504; 520-521 
bistable, 481-482, 493-497, 499-500, 
504-506 
monostable, 479-481, 486-490, 494— 
499, 521-523 
current-controllable, 477-479 
devices, 452-475 
voltage-controllable, 477, 484-486 
Network theorems, 3-4 
Noise, logical, 318 
NOR Circuit, 330-334 
Norton’s theorem, 3 
Not circuit, 321-325 
Notation, 1-2 
NR (see Negative resistance) 
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One-shot (see Multivibrator, monostable) 

Operational amplifier, 15-18 

Operational integrator, 17 
(See also Sweep circuits, Miller) 

or Circuit, 312-317, 650 

. Oscillator, blocking (see Blocking oscillator) 
locked, 740-741 

Output impedance, transistor stage, 23-25 
tube stage, 21-23 

Overdrive factor, 771 

Overdriven amplifier, 288-290 


Peaking, 56, 290-292 
[See also Amplifiers, compensation, 
shunt (high-frequency)] 
Pedestal in gates, 629 
reduction of, 634-636 
Phantastron, 550-555 
Phase delay, 726 
Phase jitter, 726 
Phase stability, 731-732 
p-n~p-n diode (see Four-layer diode) 
Pulse generator (see Blocking oscillator) 
Pulse transformers, 64-82 
applications, 64 
capacitances, 72-73, 598 
design considerations, 80-81 
equivalent circuit, 68-69 
ferrite core, 81-82 
leakage inductance, 67, 70—72,'598 
magnetizing inductance, 68-70, 80, 598 
models, 65-68 
primary inductance, 70 
response of, 73-80 
transmission line, 106-109 


Ramp voltage (see Sweep circuits) 
RC circuit, 27-50 
high-pass, 27-42 
differentiator, 38-42 
exponential input, 35-31 
pulse input, 30-31 
ramp input, 37-38 
sinusoidal input, 28 
square-wave input, 31-35 
step-voltage input, 28-30 
low-pass, 42-50 
exponential input, 46-48 
integrator, 49-50 
pulse input, 44-45 
ramp input, 48-49 
sinusoidal input, 43 


RC circuit, low-pass, square-wave input, 
45-46 
step-voltage input, 43-44 
Rectifier, silicon tontrolled, 471 
Regenerative circuits (see Blocking 
oscillator; Comparators; Multiar; 
Multivibrator) 
Register, 343-349 
dynamic, 347-349 
memory, one-word, use as 344-345 
serial-to-parallel converter, use as, 345- 
346 
shift, 346 
Relaxation dividers (see Synchronization) 
Resistance, negative (see Negative 
resistance) 
Restorer, d-c (see Clamping circuits) 
Reverse saturation current, diode, 180 
temperature dependence, 182-184 
Ring counters, 693-698 
Ringing circuits, 60-61, 795-797 
Rise time, definition, 44 
RL circuits, 55-56 
RLC circuits, 56-60 


Sampling gates (see Gates, sampling) 
Sampling scope, 664-666 
Saturation operation of transistor switch, 
205-208 
saturation resistance, 206 
temperature variation of parameters, 
210-212 
Sawtooth generator (see Sweep circuits) 
Scaling circuits (see Counters) 
Schmitt trigger circuits, 389-394, 396, 402 
SCR (see Silicon controlled rectifier) 
Sereen bypass, 139-140 
SCS (see Silicon controlled switch) 
Selector circuits (see Clipping circuits; 
Gates, transmission) 
Shielding, 89 
Silicon controlled rectifier, 471 
Silicon controlled switch, 465-471 
rate effect, 469-470 
ring counter, 696-698 
Snap-off diode, 757-761 
Speed-up capacitor for binary, 375-378, 
791-793 
Square-wave response, of amplifiers, 114— 
115 
of RC circuits, 31-35, 45-46 
Staircase generator, 712 
Step-recovery diode, 757-761 


Storage counters, 706-713 
Superposition theorem, 3 
Sweep circuits, current, 571-596 
coil capacitance, 583-587 
coil parameters, 584 
constant-voltage, 571-573 
driving waveform, 573-576, 583~587 
linearity improvement, 587-589 
television, 591-596 
transistor, 576-581, 589-594 
vacuum-tube, 581-583 
voltage, 514-570 
blanking, 521, 523 
bootstrap, 535-536, 538-540, 555-568 
compensating network, 567-568 
constant-current, transistor, 528-532 
vacuum-tube, 532-535 
displacement error, 515-516 
exponential, 517-518 
fixed-amplitude, 526-528 
free-running, 520-521 
inductor circuit, 569 
Miller, 536-538, 540-554 
phantastron, 550-554 
restoration time, 514, 521-522, 542- 
544, 557-558, 560-561 
slope error (see sweep-speed error below) 
sweep speed, 518, 524, 538-539, 556 
sweep-speed error, 515-517, 524, 530, 
533, 537, 539, 542, 553, 557 
system, 525-528 
transmission error, 515-516 
triggered, 521-523 
Switch, chopper (see Choppers) 
code-operated, 349-353 
negative-resistance, 518-520 
silicon controlled, 465-471 
transistor, 192-220, 281-288, 297-300 
capacitive load, 293-296 
inductive load, 290-292 
nonsaturating, 297-300 
tube, 281-288 
Synchronization, 716-744 
pulse, 717-728, 741-743 
of astable multi, 721~725 
of blocking oscillator, 717, 721 
of monostable multi, 725 
of sinusoidal oscillator, 741-743 
of sweep circuits, 718-720 
sinusoidal, 728-738 
of astable multivibrator, 734-738 
of sweep circuit, 728-734 
stability of, 726~728 
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Temperature dependence of p-n junction 
characteristics, 182-184 
Thévenin’s theorem, 3 
Thyratron, 519-520 
Thyristor, 472-473 
Time-base circuits (see Sweep circuits) 
Time measurement, 255, 673-674, 683-687 
Transconductance, transistor, 7-8 
Transformer (see Pulse transformers) 
Transistor, analytic expression for 
parameters, 212-218 
avalanche, 198-203, 473-474, 508-512 
bidirectional, 593-594 
breakdown voltages, 198-203 
charge control of, 780-793 
at cutoff, 195-198 
dependence of reverse current on 
temperature, 196-197 
d-c current gain, 207-208 
delay time of, 767-770 
double-emitter, 358, 656-657 
effective charge, 775 
fall time of, 767, 778-779 
field-effect, 658-663 
input characteristics, 208-210 
junction voltages, 219-220 
latching voltage, 203-204 
models, 5-8, 782-783 
punch-through, 204-205 
reach-through, 204-205 
rise time, 767, 770-772, 783-787 
saturation charge, 775 
storage time, 767, 772-778, 787-790 
temperature variation of parameters, 
210-212 
turn-off time, 767 
unijunction (see Unijunction transistor) 
(See also Ebers-Moll equations for 
transistor analysis) 
Transistor tunnel-diode hybrid circuits, 
494-497 
Transition capacitance, diode, 185 
Transmission error, 515 
Transmission gates (see Gates) 
Transmission lines, 82-109 
attenuation, 94-95, 101 
characteristic impedance, 84-86, 800-801 
differentiation, 95-97 
distributed parameter, 798-799 
ideal, properties of, 83-86 
image shielding, 89 
initially charged, 101-104 
lumped parameter, 798-799 
nonuniform, 89-90, 798-799 


958 / PULSE, DIGITAL, AND SWITCHING WAVEFORMS 


Transmission lines, parameters, 86 
pulse transformer, 106-109 
reactive termination, 104-106 
reflection on, 90-106 
reflection factor, 92-93 
reflections, multiple, 97-101 
signal transmission, application for, 86-89 
time delay, 86 

Transwitch, 471 

Trigistor, 471 

Triode, 220-224 
in clamp, 223 
grid resistance, 221 

Trochotron, 701-706 

Tube characteristics, 619, 809-814 

Tunnel diode, 452-455 
circuits, 486-497, 687-692 

astable, 490-491 
bistable, 493-494 
hybrid, 494-497 
monostable, 486-490 
comparator, 491-493 
counter, 687-692, 694-695 
parameters, 494-497 


Unijunction transistor (UJT), 457-460 
applications, 500-506 


Unijunction transistor (UJT), ring counter, 
695-696 ; 
Univibrator (see Multivibrator, monostable) 


Vacuum-tube, binary circuit, 364-367, 
374-375 
blocking oscillator, 617-620 
clipping circuits, 232-236 
diode, 189-191 
triode, 220-224 
characteristic variation with cathode 
temperature, 224 
in clamp, 223 
grid resistance, 221-222 
input impedance, 21-23 
Variability of transistor parameters, 212 
Vernier counter, 683-687 
Video amplifier (see Amplifiers, video) 
Voltage comparators (see Comparators) 


Waveshaping, linear, RC circuits, 55-56 
(See also RC circuits) 
RLC circuits, 56-60 
Word, 306 


Zener diode (see Diode, avalanche) 
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OTHER McGRAW-HILL 

INTERNATIONAL STUDENT EDITIONS 

IN RELATED FIELDS 

Angelo: ELECTRONICS-BJT's FET’s and Microcircuits 

Carlson: COMMUNICATION SYSTEMS, 2/e 

Chute: ELECTRONICS IN INDUSTRY, 5/e 

Clement: ELECTRICAL ENGINEFRING SCIENCE 

Cornetet: ELECTRONIC CIRCUITS BY SYSTEM & COMPUTER ANALYSIS 

Desoer: BASIC CIRCUIT THEORY 

Director: INTRODUCTION TO SYSTEM THEORY 

Elgerd: CONTROL SYSTEMS THEORY 

Graeme: APPLICATIONS OF OPERATIONS AMPLIFIERS 

Hayt: ENGINEERING CIRCUI] ANALYSIS, 3/e 

Johnson: TRANSMISSION LINES AND NETWORKS 

Kennedy: ELECTRONIC COMMUNICATION SYSTEMS, 2/e 

Lion: ELEMENTS OF ELECTRICAL AND ELECTRONIC 
INSTRUMENTATION 

Lynch: SIGNALS AND SYSTEMS IN ELECTRICAL ENGINEERING 

Millman: ELECTRONIC DEVICES AND CIRCUITS 

Millman: ELECTRONIC FUNDAMENTALS & AFPLICATIONS 

Rohrer: CIRCUIT THEORY 

Schilling: ELECTRONIC CIRCUITS 

Slurzberg: ESSENTIALS OF COMMUNICATION ELECTRONICS, 3/e 

Strauss: WAVE GENERATION AND SHAPING, 2/e 

Taub: PRINCIPLES OF COMMUNICATION SYSTEMS 

Taub: DIGITAL INTEGRATED ELECTRONICS 

Terman: ELECTRONIC AND RADIO ENGINEERING, 4/e 

Tobey: OPERATIONAL AMPLIFIERS; Design and Applications 

Wait: INTRODUCTION TO OPERATIONAL AMPLIFIER THEORY 
AND APPLICATIONS 
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